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ABSTRACT 
 
 
This study aims to explore the life cycle environmental impacts of typical heating 
ventilation and air condition (HVAC) systems including variable air volume (VAV) 
system, chilled beam system and underfloor air distribution (UAD) system through 
a case study based on an RMIT office building. Life cycle assessment (LCA) is 
employed to evaluate the environmental impacts associated with different life cycle 
phases of HVAC systems. Using carbon emissions as the environmental indicator, 
ranges of impact for each HVAC system in different life cycle stages are calculated 
and compared based on the information uncovered in the literature review and 
relevant LCA inventory database. The system designs on case study are outlined 
based on the characteristics of a case building. The building was originally 
equipped with VAV system and was then designed with the chilled beam system 
and UAD system for comparison purposes. The lists of materials and products used 
in these three HVAC systems are illustrated, forming the basis of the life cycle 
assessment. Inventory analyses diagrams have been established based on the 
activities of HVAC systems in four life cycle stages: manufacturing, construction, 
operation & maintenance, and demolition. Calculation methods for carbon 
emissions are established. In particular, inventory data have been developed for 
manufacturing of HVAC products as well as transportation.  
 
An integrated LCA approach based on the system dynamics model is proposed for 
measuring the environment impacts of HVAC systems, which can give not only 
explanations of these dynamic complexities but also the simulation of total 
environmental burden in the service life cycle. The environmental impacts between 
these three HVAC systems are found to be of different magnitude in different life 
cycle phase. For instance, the embodied energy of UAD system is the lowest in 
manufacture stage while that of the chilled beam system is the highest. However, 
chilled beam system has much more energy saving potential than the other two air 
conditioning systems in operation stage. The system dynamics model prioritizes 
evaluating carbon emissions in refurbishments and replacements so as to calculate 
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the total life cycle carbon emission of HVAC systems in a typical office building’s 
50 year service life. The results indicate that UAD system may not be the best 
option due to its relative higher operational energy consumption compared with 
chilled beam system. From a life cycle perspective, the chilled beam system has the 
lowest environmental impact over a 50 year time frame, and VAV system has the 
highest environmental impact among the three HVAC systems compared.  
 
Maintaining the energy efficient HVAC services to meet the tenants’ demands is a 
challenge that must be met using environmentally-conscious business practices. 
Given the magnitude of the challenge, this research has not only contributed to the 
knowledge on environmental impacts associated with different HVAC systems, but 
also improved the utility of the conventional LCA by integrating the system 
dynamics model. This combined method is a cornerstone of LCA methodology, 
which will not only help clients select the most environmental sustainable HVAC 
system for office buildings, but also uncover ways to develop assessments for 
environmental footprint of HVAC systems from a dynamic perspective. 
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CHAPTER 1 
INTRODUCTION  
 
1.1 Research background  
 
As global warming has been recognized as a key issue in recent years, many 
national governments are making great efforts to reduce carbon emissions in the 
years to come (Liu et al., 2009). Commercial buildings contribute significantly to 
resource consumption, as well as to other environmental impacts, such as the 
emission of pollutants and solid waste. For example, in Australia, the scale of 
primary energy consumption by the commercial sector was 20% in 2005 and 27% 
in 2006 respectively (EEGO, 2007). Scheuer et al (2003) have estimated the current 
trend of carbon emissions from energy consumption in building operations could 
increase by 22% over the 2006 level in the next decade.   
 
Heating, ventilation and air conditioning (HVAC) is an essential building service 
system in modern day buildings. In recent decades, many new HVAC technologies 
such as chilled beam and underfloor air distribution have been invented in an aim 
to reduce energy consumption without sacrificing indoor thermal comfort and air 
quality. While many of these so-called green technologies have been applied in real 
world projects and proved to save operational energy to some extent, there is a lack 
of a comprehensive study, from a life cycle perspective, to compare how green 
these technologies are.  
 
It is well acknowledged that HVAC system account for more than 50% of the 
building energy consumption (Ning and Zaheeruddin, 2010). The lifespan of 
HVAC is composed of a series of interlocking processes, starting from initial 
design and manufacture, through to actual construction, and then to annual 
operation and maintenance, as well as to eventual demolition or renovation. The 
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construction of HVAC has a very important impact on the environment, and it is 
one of the greatest consumers of resources and raw materials in building 
construction (Avgelis and Papadopoulos, 2009;Tae et al., 2011). The manufacture 
and transportation of HVAC materials and products, and the installation and 
construction of HVAC components consume great quantities of energy and emit 
large amounts of carbon dioxide. These and other global environmental and human 
health-related concerns have motivated an increasing number of designers, 
developers and building users to pursue more environmentally sustainable 
processes.  
 
Given the complexities of the interactions between the HVAC and the natural 
environment, life cycle assessment (LCA) represents a comprehensive approach to 
examining the environmental impacts of an entire HVAC system (Tukker, 2000). 
LCA is a process to evaluate the environmental burdens associated with a product, 
process, or activity by identifying and quantifying the energy and materials used 
and wastes released to the environment. It aims to assess the impact of the energy 
and materials used and the associated releases to the environment, and also to 
identify and evaluate opportunities to effect environmental improvements (Asif et 
al., 2007). LCA studies generally consist of four phases: goal and scope definition, 
life cycle inventory (LCI), impact assessment and interpretation of results (ISO, 
2006). The assessment includes the entire life cycle of HVAC, which includes the 
extraction and processing of the raw materials in manufacturing HVAC products 
and components; the transportation used in delivery of the HVAC products and 
components to the construction site; on-site construction activities; electricity 
consumption for operation and the required energy consumption for maintenance; 
recycling and final disposal in demolition. 
 
During the operational stage, the energy consumption is determined by the 
performance efficiency which declines over time, which will result in an increase 
of thermal load and energy consumption to meet the tenants’ demands. The change 
of the system’s performance efficiency will call for an investigation of maintenance 
and renewal work in order to improve the performance of HVAC systems. 
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However, those maintenance and renewal processes will create carbon emissions 
due to the energy consumption in system installation and the embodied energy in 
the materials. The small feedback loop diagram shown in Figure 1.1 shows an 
example of the interactions among the elements in the operational and maintenance 
and renewal stages. In recent years, the literature on LCA of HVAC energy 
consumption has begun to reflect the interactions between the basic energy 
consumption and the extra energy used due to maintenance and renewal work 
during the life cycle (Scheuer et al., 2003;Cole and Kernan, 1996;Adalberth, 
1997;Chen et al., 2001). These empirical studies demonstrate that when 
considering the entire life cycle energy of HVAC systems, the growing energy 
during maintenance and renewal must be taken into consideration.  
 
 
Figure 1.1 Feedback loop diagram of the operation and maintenance & renewal 
stages 
 
System dynamics (SD) is a modelling method that allows a system to be 
represented as a feedback system. It is based on the original work of Forrester, who 
defined it as “the investigation of the information-feedback character of industrial 
systems and the use of models for the design of improved organizational form and 
guiding policy” (Forrester, 1961). SD is an approach to understanding the 
behaviour of complex systems over time. It deals with internal feedback loops and 
time delays that affect the behaviour of the entire system (Mit, 2003). Since the 
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interrelationship is extremely complex, highly dynamic, or contains a large number 
of feedbacks, it can be accomplished by using the SD method that allows the 
inventory to be modelled as a feedback system to simulate the interactions amongst 
the various factors. Hence, it is both logical and imperative to undertake a study to 
identify the factors that influence the carbon emissions in the life cycle term of 
HVAC systems. The proposed method is a combination of LCA and the SD model, 
which integrates the dynamic model on the LCA base.  
1.2 Research questions 
Based on the aforementioned research background, the research questions can be 
defined as follows: 
 
1) What are the major factors contributing to the carbon emissions in each 
phase of the HVAC life cycle from manufacture, construction, operation & 
maintenance to demolition?  
2) How can the carbon footprint be calculated in each stage of the HVAC life 
cycle?   
3) What are the dynamic relationships among these factors? 
4) How can SD model be applied in LCA to set up a dynamics assessment 
associated with the various interactions? 
 
1.3 Research objectives 
In order to answer the above four research questions, four research objectives were 
established, as listed below:  
 
1) Ascertain the major factors influencing carbon emissions for HVAC 
systems; 
2) Ascertain the calculation method of the carbon footprint in each phase of 
the HVAC life cycle; 
3) Combine the traditional LCA with the SD model which involves the 
compilation and quantification of inputs and outputs for HVAC system in a 
dynamic way; 
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4) Develop a SD model as a decision-making tool for the selection of 
appropriate HVAC systems for commercial buildings. 
 
1.4 Outline of the thesis 
The thesis consists of seven chapters. Each chapter begins with an introduction and 
ends with a brief summary. 
 
Chapter 1 introduces the background of research on LCA of HVAC systems, and 
the questions are presented and the research objectives formulated.  
 
Chapter 2 provides a comprehensive literature review to 1) ascertain the 
technologies associated with typical HVAC systems used in commercial buildings, 
and 2) identify factors related to the carbon emissions and the associated 
calculation methods currently used for selecting HVAC systems, and 3) explore 
relevant databases available for calculating the carbon emissions pertaining to the 
LCA of HVAC systems. 
 
Chapter 3 describes the research methodology in detail including the research plan 
and design, research goals and scope, development of the LCI and life cycle 
impacts, data collection methods, as well as the interpretation of the research 
results. 
 
Chapter 4 sets up an exemplar case study, and the design of the variable air volume 
system (VAV), chilled beam system, and underfloor air distribution system (UAD) 
is conducted based on the characteristics of a case building. It provides a basic 
inventory of the materials and products used in the different systems, which lays 
the foundations for the evaluation of life cycle impacts. 
 
Chapter 5 develops the LCA of the carbon emissions of HVAC systems in the 
processes of manufacture, construction, operation and maintenance, and demolition 
and dismantling. A list of inventories will be complied for this purpose.  The 
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available LCA databases for construction and raw materials, energy consumption, 
and demolition & dismantling stages are differentiated. In addition, the calculation 
methods associated with each stage in the life cycle will be identified.  
 
Chapter 6 integrates the SD model in LCA to estimate the life cycle carbon 
emission simulated by time-steps, and to compare different HVAC systems to 
assist with the decision to select HVAC systems.  
 
Chapter 7 presents the conclusions, research contributions and recommendations 
for further research. 
 
1.5 Summary  
This chapter has laid the foundations for the thesis. It first introduced the research 
background and then presented the research questions and objectives. The research 
methodology was then briefly discussed before the thesis structure was outlined.  
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Introduction  
This chapter presents the background literature relevant to the research questions 
and objectives developed in Chapter 1. The literature covers the LCA method, 
energy indicators in the life cycle of HVAC systems, data analysis methods, 
conventional LCA in building or HVAC systems, and existing research related to 
the integration of the SD model in LCA and its applications. 
 
LCA is introduced first. The chapter outlines current international and domestic 
research on the structure of generic life cycle assessment: definition of the goal and 
scope, the development of the LCI and impact assessment, as well as the final 
interpretation. The literature review then identifies and presents the factors and 
parameters that cause variation of embodied energy in the life cycle energy of 
HVAC systems. The current data analysis methods in the existing research are 
discussed.   
 
The literature review indicates that SD model provides an approach to involve 
dynamic factors and to represent as a feedback system. It can be chosen as a 
method to evaluate dynamic changes in life cycle assessment. Previous research on 
applying the dynamics model in life cycle assessments is summarized at the end of 
this chapter. The research area of dynamic LCA of HVAC systems is based on the 
above literature review. 
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2.2 LCA methodology  
 
The launch of the International Organization for Standardization’s ISO 14001 
(Environmental management systems – Specification with guidance for use) in 
1996 indicated to many businesses that ad hoc environmental management was no 
longer an option. For an increasing number of organisations, regulations and the 
public environmental and social concerns had reached a level where a more 
strategic and systematic approach to environmental challenges was necessary. 
Contemporaneously, LCA began to produce convincing evidence that intuition was 
no longer enough. Many outcomes from LCA indicated the need for a closer 
systemic approach to identify and document impacts along the process chain and 
life time of products and services.  
 
LCA has been demonstrated as an environmental management tool used to assess 
the environmental impacts of a product or process from the “cradle to the grave”, 
that is through every step of its life, from extraction of raw materials, production of 
building materials and components, construction, operation, demolition and 
disposal. It examines the contribution the product or process has to global and 
regional environmental issues, such as global warming, ozone depletion and energy 
use.  
 
LCA comprises a systematic evaluation of environmental impacts arising from the 
provision of a product or service. The ISO indicates that ‘the LCA is the 
compilation and evaluation of the inputs and outputs and the potential 
environmental impact of a product system throughout its life cycle’ (ISO, 2006). 
The generic LCA method requires that all the main inputs to the processes that 
provide the service are taken into account, as well as the processes and materials 
that feed into those processes, and so on back ‘up’ the supply chains of the various 
materials in the product to the raw resource inputs. The standard framework of 
LCA presented in Figure 2.1 includes guidance on defining the goal and scope of 
an LCA study, development of the life cycle inventory, the life cycle impact 
assessment and interpretation (ISO, 2006). 
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Figure 2.1 Outline of generic LCA process (ISO, 2006) 
 
2.2.1 Goal and scope definition 
 
The definition of the goal and scope is the first phase of LCA, including the 
identification of the functional units and boundaries of the study. The ISO 
standards point out that definition of the goal and scope is the first key step of an 
LCA with the intended application (ISO, 2006). Therefore, the goal and scope that 
guide subsequent work are described in detail as follows: 
 
• The functional unit is a representative unit satisfying the main function of 
the system to be studied; 
• The system boundaries determine the range of impacts considered; 
• Methods are allocated to partition the environmental load in the same 
process;  
• The impact categories are then chosen. 
Goal and scope 
definition 
Inventory 
analysis  
Interpretation  
Impact 
assessment 
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2.2.2 Life cycle inventory (LCI) 
 
LCI analysis involves creating an inventory of flows from and to nature for a 
product system (Sharma et al., 2011). In order to develop the inventory, a flow 
model of the technical system is constructed using data on inputs and outputs. The 
flow model is typically illustrated with a flow chart that includes the activities that 
are going to be assessed in the relevant supply chain and gives a clear picture of the 
technical system boundaries. The input and output data needed for the construction 
of the model are collected for all activities within the system boundary.  
 
LCI evaluates the quantities of material, substance and energy going in and out of 
the system, over its life cycle, considering the selected functional unit. The data 
must be related to the functional unit defined in the goal and scope definition 
(Lundie and Peters, 2005). The result of the inventory is an LCI which provides 
information about all inputs and outputs in the form of elementary flow to and from 
the environment from all the unit processes involved in the study. 
 
Even though based on simple principles, this inventory requires extensive work. 
Fortunately, databases are being developed and continuously improved around the 
world to help analysts in this strenuous work, as represented in Table 2-1. Amongst 
them, the Inventory of Carbon & Energy (ICE) is joining various sources to build a 
centralised database and it is recognised as the most extensive LCI database 
available (Hammond and Jones, 2008). With the aim to develop specialised 
information for building materials and construction processes, most of the data 
available in ICE is still much more detailed and up-to-date than others in the world. 
Several LCA tools are available to calculate the inventory of specific processes 
using LCI databases. The most general tool is probably SimaPro, which invites the 
analyst to build his own system by assembling materials and processes. The 
ATHENA Environmental Impact Estimator software (ATHENA) is an LCA tool 
developed to calculate the environmental impact of buildings in North America, 
using its own LCI database. In these two specialised tools, most of the data are 
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available on the building materials and components. The related processes and data 
on HVAC are not introduced comprehensively and completely by the analyst.   
 
2.2.3 Life cycle impact assessment (LCIA) 
 
The third phase, LCIA aims at evaluating the implication of the flows from and to 
nature. In practice, LCIA must determine the relative significance of each of the 
inventory items in order to aggregate the LCI results in a small set of indicators. 
Inventory analysis is followed by impact assessment. This phase of LCA is aimed 
at evaluating the significance of potential environmental impacts based on the LCI 
flow results. Classical LCIA consists of the following mandatory elements 
(Rebitzer et al., 2004): 
• Selection of impact categories, category indicators, and characterization 
models;  
• The classification stage, where the inventory parameters are sorted and 
assigned to specific impact categories; 
• Impact measurement, where the categorized LCI flow is characterized, 
using one of many possible LCIA methodologies, into common equivalence 
units that are then summed to provide an overall impact category total.  
The inventory is the result of compiling all environmental flows, including 
resource use inputs and waste or pollution outputs. This inventory provides a lower 
estimate of the environmental burdens (carbon emission indicators) that the product 
or service places upon the environment. However, the relative importance of 
burdens requires some measure or indicator of impact. Inventory data can only be 
converted into impact results through the use of appropriate algorithms or 
indicators of environmental burdens related to their damage or importance. 
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2.2.4 Interpretation 
 
The fourth phase of LCA is the interpretation of the results in order to derive 
recommendations and conclusions. Life cycle interpretation is a systematic 
technique to identify, quantify, check, and evaluate information from the results of 
the LCI or the life cycle impact assessment (Mouron et al., 2006). The results from 
the inventory analysis and impact assessment are summarized during the 
interpretation phase. The outcome of the interpretation phase is a set of conclusions 
and recommendations for the study. According to ISO 14040 (2006), the 
interpretation should include: identification of significant issues based on the 
results of the LCI and LCIA phases of an LCA; evaluation of the study considering 
completeness; and conclusions, limitations and recommendations.  
 
A key purpose of performing life cycle interpretation is to determine the level of 
confidence in the final results and communicate them in a fair, complete, and 
accurate manner (Unger and Gough, 2008). Interpreting the results of an LCA 
starts with understanding the accuracy of the results, and ensuring they meet the 
goal of the study. This is accomplished by identifying the data elements that 
contribute significantly to each impact category, evaluating the sensitivity of these 
significant data elements, assessing the completeness and consistency of the study, 
and drawing conclusions and recommendations based on a clear understanding of 
how the LCA was conducted and the results were developed.  
 
2.2.5 Life cycle data analysis  
 
As a life cycle analysis is only as valid as its data, it is crucial that the data used for 
the completion of a life cycle analysis are accurate and current. When comparing 
different life cycle analyses with one another, it is crucial that equivalent data are 
available for both the products and processes in question. There are two basic types 
of LCA data analysis – process-based analysis and environmental input-output 
analysis, where the latter is based on national economic input-output data  
(Verbeeck and Hens, 2010a). Unit process data is derived from direct surveys of 
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companies or plants producing the product of interest, carried out at a unit process 
level defined by the system boundaries for the study (Verbeeck and Hens, 2010b). 
2.2.5.1 Process-based analysis 
 
Process-based analysis is one of the most widely used methods for life cycle energy 
calculation, as it delivers more accurate and reliable results (Hagelaar and van der 
Vorst, 2001). Process-based analysis models different activities associated with a 
product or a service using process flow diagrams. The process commences with the 
HVAC materials as a final product and works backward in the main process 
(Forsberg and von Malmborg, 2004), taking into account all possible direct energy 
inputs or the sequestered energy of each contributing material (García-Valverde et 
al., 2009). However, process-based analysis is considered to be incomplete because 
of the exclusion of many incidental processes (Erlandsson and Levin, 2004). The 
magnitude of system incompleteness and error in process analysis is estimated to 
be as high as 50 percent and 10 percent respectively (Denholm and Kulcinski, 
2004), and even inventories based on detailed and extensive process analysis fail to 
attain significant completeness (Chen et al., 2006). 
 
2.2.5.2 Input/output-based analysis  
 
The economic input-output analysis-based method considers not only the direct 
environmental impact of a product or a service, but also all indirect impacts 
involved in the supply chain. This process makes use of economic data flow among 
various sectors of industry in the form of input/output tables made available by the 
national government, thereby transcribing economic flows into energy flows by 
applying average energy tariffs (Tukker, 2000;Tarantini et al., 2009). This 
approach is adopted by many researchers from the USA and Japan, probably 
because the Input/Output Table of USA and Japan contains more than 400 sections, 
which is elaborate enough to assess the environmental impacts in the construction 
industry (Pehnt and Henkel, 2009). 
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However, it also suffers from inherent problems such as assumptions of 
homogeneity and proportionality (Kofoworola and Gheewala, 2009), errors and 
uncertainty of economic data (Jungbluth et al., 1997), for example energy tariffs 
and product costs, and aggregation and grouping of sectors. These problems make 
its results erroneous and unreliable (Hong et al., 2009), and error in the 
measurement figures can range up to 50 percent (Hauschild et al., 2005).  
 
2.3 Embodied energy 
 
Embodied energy is the energy consumed directly and indirectly by all processes 
associated with the production of a product. It consumes energy resources 
throughout its life cycle, and releases environmental products such as CO2 (Lee et 
al., 2009). These stages consist of raw material extraction, transport, manufacture, 
assembly, installation as well as its disassembly, deconstruction and decomposition. 
Dixit (2010) asserts that building material possessing high embodied energy could 
possibly result in more carbon emissions than other materials with low embodied 
energy and they draw flow charts to categorize the types of energy consumption in 
buildings from raw material extraction to deconstruction and disposal (Figure 2.2). 
From the 1990s, the embodied energy is becoming increasingly important to 
resume the work on evaluating the energy for producing buildings and to extend it 
to embrace a broader environmental agenda (Rosselló-Batle et al., 2010). 
 
2.3.1 Direct energy 
 
Direct energy is the energy actually consumed in the construction of HVAC. It is 
consumed in various on-site and off-site operations including construction, 
prefabrication, transportation and administration. It represents the final 
transportation and installation of a component or assembly, and direct energy is a 
relatively small portion of embodied energy. European and U.S. figures estimate 
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the construction portion to be about 7-10% of total embodied energy (Cole and 
Kernan, 1996;Unger and Gough, 2008). 
 
On-site construction: Energy is used during the assembly of HVAC materials and 
components; 
 
Prefabrication off-site: HVAC components prefabricated off-site consume energy 
in the process; 
 
Transportation: Transport is involved in On-site construction and 
Prefabrication off-site. 
 
2.3.2 Indirect energy 
 
Indirect energy represents the energy consumed in the production of HVAC 
materials and their associated transportation during the main process, and 
subsequent processes during renovation, refurbishment, and demolition. Indirect 
energy is the largest portion of embodied energy.  
 
Initial embodied energy: Energy is used during the production of materials and 
components of a HVAC, including raw material procurement, building material 
manufacturing and final product delivery to construction site; 
 
Recurring embodied energy: Energy is used in various processes for the 
maintenance and refurbishment of HVAC (HVAC materials and HVAC 
components) during their useful life; 
 
Demolition energy: Energy is required for the deconstruction of HVAC and 
disposal of HVAC materials; 
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2.3.3 Operating energy 
 
Operating energy is the electivity consumption required in the operation of HVAC 
systems. The energy used to heat, cool and ventilate building represents over 30% 
of Australia’s national energy use, with approximately 50% used in office 
buildings (Ning and Zaheeruddin, 2010). In other countries with difference 
industrial bases and transportation networks, space heating or cooling in buildings 
can be as high as 40% of the national energy use (EEGO, 2007). 
 
 
 
Figure 2.2 Embodied energy modelling (Dixit et al., 2010) 
 
2.3.4 Significance of embodied energy  
Until recently, major endeavours for energy conservation assume the operation 
energy of a HVAC to be much higher than the embodied energy of a HVAC (Dixit 
et al., 2010). Embodied energy is expended once in the initial manufacture and 
construction stage of a HVAC, while operational energy accrues over the effective 
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life of the building (Zabalza Bribián et al., 2011;Chen et al., 2001). Figure 2.3 
indicates the growing number of Energy Star labelled home appliances in the 
United States over a ten-year span, which is one factor that could reduce 
operational energy in buildings over time (Energy, 2008). Crawford et al (2006) 
suggests that, in Australia, the embodied energy contained in a building is 20-50 
times the annual operation energy needed for the building. It is well-known that the 
embodied energy of the building industry is responsible for 20 percent of the 
world’s fuel consumption (Li and Colombier, 2009). Therefore, embodied energy 
is becoming critical for national and global strategies for energy conservation. The 
current awareness of the embodied energy of buildings encourages us to not only 
use the low embodied energy materials, but also optimize construction design, in 
order to reduce energy use and carbon dioxide discharge. 
 
Figure 2.3 Indication of growing number of Energy Star rated home appliances in 
the United States (Energy, 2008) 
 
 
2.4 Previous research on assessments of HVAC systems  
A number of assessment and selection models have been described in HVAC 
systems literature in the past two decades. Traditionally, buildings’ ventilation was 
handled as a tool and a means for providing acceptable microclimate in terms of 
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thermal comfort. in the last thirty years indoor air quality became a major aim, as 
inappropriate ventilation is directly related to poor indoor air conditions and hence 
to a series of syndromes and illness (Avgelis and Papadopoulos, 2009). Since in the 
dense urban environmental nature ventilation cannot always cope with the 
occupants’ requirements for thermal comfort and indoor air quality, the installation 
of HVAC systems is a well-established necessity. Buildings however, constitute 
great energy consumers, therefore being a significant factor of the regional and 
national energy economy. In all building classes the dominant energy use is space 
heating, while the cooling demands show an increasing trend and they now 
represent a major energy use in office buildings (Hassid et al., 2000). In modern 
building, the major component of the buildings’ energy consumption is ventilation. 
Since in a market driven economy the purchase decisions depend on costs, not only 
the operation energy costs of building but also the capital cost of HVAC systems 
become a serious consideration. However, in the days of the Kyoto protocol 
obligations, greenhouse gases trade and increased environmental consciousness, the 
internalization of such external cost factors is becoming a more and more realistic 
boundary condition (Balaras et al., 2005; Prek, 2004). 
 
Wong and Li (2006) highlight the shortage of serious studies that have analysed 
decisions concerning the selection of HVAC systems, and also point out the lack of 
development of a conceptual framework of general factors and criteria for HVAC 
systems evaluation and selection in their review of HVAC evaluation approaches. 
For the development of the selection criteria for the HVAC systems the basic 
requirements for a proposed factor or criterion are that it shall be quantifiable, 
effective, relevant, understandable, and usable (Wong and Li, 2010). According to 
the issues mentioned above the indicators that will constitute the comparison and 
assessment fields are classified in six categories: cost effectiveness, system 
functionality, environmental, user comfort, and technological factors (Wong and Li, 
2006; Wong and Li, 2008). A summary of selection indicators is listed in Table 2-1, 
based on our literature search of existing studies in relevant areas. 
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Table 2-1 A summary of potential factors affecting the selection of HVAC systems 
Selection indicators Reference 
Environmental related   
Pollution related to fuel consumption AIIB (2001) 
Energy recycling AIIB (2001) 
Total energy consumption (kWh/year/m2) 
AIIB (2001), Yang (2006), Ming and 
Wei (2003) 
Method of cooling AIIB (2001), Wang (2000) 
Condition of pipe insulation AIIB (2001) 
Contamination AIIB (2001) 
User comfort  
Thermal comfort: Indoor air quality 
AIIB (2001), Avgelis and Papadopoulos 
(2009) 
Amount of fresh air changes per second 
(litres/s/occupant) AIIB (2001) 
Coefficient of performance of the whole 
building AIIB (2001), Robert Mcdowall (2007) 
Cool air distribution AIIB (2001), Robert Mcdowall (2007) 
Noise level  AIIB (2001) 
Special ventilation for kitchen and toilet 
measured in are changes 
per hour  AIIB (2001) 
Odour & freshness of indoor air AIIB (2001), Bitter and Fitzner (2002) 
Appearance AIIB (2001) 
Cleanliness AIIB (2001) 
Work efficiency   
Heat pump & heat wheel AIIB (2001) 
Frequency of breakdown AIIB (2001) 
Refrigerant leakage detection AIIB (2001) 
Access for erection & maintenance AIIB (2001) 
Condensate drain water leakage AIIB (2001) 
Life span (year) AIIB (2001) 
Allow for further upgrade Mull (1997) 
Compatibility with other building systems Mull (1997) 
Technological related   
Existence of artificial intelligent based 
supervisory control AIIB (2001), Mull (1997) 
Modernization of system  Cho (2002) 
Cost effectiveness   
First cost  Chen et al.(2006) 
Life cycle cost  Chen et al.(2006) 
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2.4.1 Cost effectiveness  
 
Cost effectiveness is regarded as a key factor in selecting the HVAC systems for 
office building (Avgelis and Papadopoulos, 2009). The cost factor is considered the 
main concern of building developers as they want to search for ways to reduce 
costs of operating and maintaining the HVAC services, thus increasing its value. A 
number of researchers (Chen et al., 2006) argue that the greatest savings in the 
adoption of a HVAC system are seen in a reduction of energy consumption and 
operational costs. Given the higher initial capital investment compared to 
traditional HVAC systems, however, the cost benefits of green HVAC technologies 
would not be immediately appreciable. Empirical studies also highlight that 
financial decisions regarding HVAC systems in office buildings should consider 
the whole life-cycle cost instead of the initial cost alone (Chen et al., 2006). 
2.4.2 System functionality 
 
The capability of a system to manage the complexity and enhancing the 
functionality of the building is widely considered an indispensable factor in the 
selection of HVAC systems (Smith, 2002). Smith (2002) argues that the overriding 
function of the HVAC systems is to support the capabilities inherent in it. 
Developers need to deliver the building's desired capabilities with the adaptability 
and functionality desired by the end-users. Cho (2000) emphasise the importance 
of system functionality in the buildings because the fundamental purpose of 
adopting the HVAC systems is to offer improved operational effectiveness and 
efficiency, as well as reduced maintenance. Chen (2006) also maintains that the 
essence of the intelligent control is to enhance service reliability, improve building 
management, tailor requirements, increase the lifespan of equipment, and ease data 
collection. For selecting an appropriate intelligent HVAC control system, a number 
of researches emphasise the presence of automatic fault detection and diagnosis of 
the control system (Korolija et al., 2011), while others emphasis on the system 
reliability and stability (Mull, 1997). 
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2.4.3 Environmental impacts 
 
In recent years, increasing anthropogenic carbon emissions have been recognised 
as a cause of global climate change. A number of studies have identified buildings 
as being responsible for about half of all energy consumption, and, in turn, as 
responsible for about half of the greenhouse effect due to carbon dioxide emissions 
(Canbaye et al., 2004). This has aroused a growing awareness of the need for 
energy efficiency in the design of the modern buildings. Of all the building services 
concerned, HVAC and lighting systems are regarded as the most energy-intensive 
(Li and Colombier, 2009). Wang (2007) point out that it is important for HVAC 
systems to conserve energy whilst providing satisfactory performance. For example, 
an efficient HVAC control should not only provide an efficient control scheme to 
maintain human comfort under any load conditions, but should also reduce energy 
usage by keeping the process variables (i.e., temperature and pressure) to their set 
points (for air cooling, supply air, return air, etc.) (ASHRAE, 2000). The 
significance of energy consumption control in the selection of a HVAC system is 
also supported by other researchers (Yang, 2005). 
2.4.4 User comfort 
 
User comfort is the basic intention of a building to be planned, designed, built and 
managed to offer an environment in which occupants can carry out their work, feel 
well and to some extent feel refreshed (Avgelis and Papadopoulos, 2009). A 
sophisticated HVAC system must offer occupant well-being and health, and needs 
to take the quality of the working and living environment into account when 
bringing in new technology for the purpose of improving the performance of 
business organisations (Bitter and Fitzner, 2002). Thus, maintaining a stable and 
comfortable internal environment for end-users becomes a crucial objective in the 
design and selection of HVAC systems as the office building needs to provide 
people working and living within it a good sense of well-being (Chen et al., 2002). 
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2.4.5 Technological factors 
 
Technological advancement is also considered as one of the factors affecting the 
HVAC system selection (Chen et al., 2006). For the past decade, it has been 
observed that there have been an increasing number of developers who have 
considered adding “intelligence” to their building. A main reason is that the 
building developers are more receptive to new technologies. To retain the tenants, 
it is necessary to keep up with changes in information technology and provide for 
upgrades as technology evolves. 
 
2.5 Conventional LCA in buildings or HVAC systems and Selection 
method of HVAC systems 
 
2.5.1 Previous studies in LCA of buildings 
 
Despite that there is an abundance of literature on HVAV systems research, no 
previous study has been found on the development of a systematic and analytical 
approach for the selection of the most satisfactory systems for office buildings 
from a life cycle perspective. Only a few closely related studies in performance 
attributes and assessment methods have been identified, and the examples are 
followed. 
 
Adalberth (1997) presented a method for calculating the life cycle energy use in a 
building. The life cycle of a building is divided into seven stages, namely, product 
manufacturing, transportation, erection, occupation, renovation, demolition, and 
removal. The embodied energy use in every one of these phases is calculated by 
calculating the energy consumed in each manufacturing, transportation, or 
construction process per material. The energy use during the occupation (space 
heating, hot water and electricity) is calculated with the aid of the Swedish 
computer program Enrom. 
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Blanchard and Reppe (1998) undertook the life cycle analysis of a residential house. 
A 228 2m  house was built in Ann Arbor, Michigan, using standard construction 
materials and techniques. The analysis was divided into the following eight 
systems: walls, roof/ceilings, floors, doors/windows, foundation, 
application/electrical, sanitary/HVAC, and cabinets. This research mainly used the 
TMDEAM  database, and primary data about equipment/appliances were collected 
from suppliers and manufacturers. The LCI estimated the eight systems in the raw 
material extraction/production and construction (pre-use phase), operation, and 
end-of life phase separately.   
 
2.5.2 Previous studies in assessment of carbon (or GHG) emissions in HVAC 
systems 
 
Yang (2005) presented a comparison of environmental impacts of two residential 
heating systems, a hot water heating system with mechanical ventilation and a 
forced air heating system. These two systems are designed for a house recently 
built near Montreal, Canada. The comparison is made with respect to the life-cycle 
energy use, the life-cycle greenhouse gas emissions, the expanded cumulative 
energy consumption, the energy and energy efficiencies, and the life-cycle cost. 
The results indicate that the heating systems cause marginal impacts compared with 
the entire house in the pre-operating phase. In the operating phase, on the other 
hand, they cause significant environmental impacts. The HWH systems with a heat 
recovery ventilator using either electricity or natural gas have the lowest life-cycle 
energy use and lowest ECExC. The HWH and FAH systems using electricity as 
energy source have the lowest emissions. Finally, the FAH systems have, on the 
average, a lower life-cycle cost than the HWH systems. 
 
Prek (2004) studied the environmental impact of three residential heating systems 
for the production phase, namely, a radiator heating system using steel or copper 
pipes, a floor heating system using polyethylene or polybutene pipes, and a fan coil 
convector heating system. The total heat demand was 11.8 KW. The functional unit 
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was defined as heating the house to a temperature of 21 ℃ by operating the whole 
heating system. The comparison among the three different heating systems was 
made using the Eco-indicator 95 method, which is used to aggregate various 
environmental impacts to one single indicator. The results show that for the 
radiator heating system, the copper pipes contribute three times higher 
environmental impact than steel pipes despite their small dimensions. The floor 
heating system has the lowest Eco-indicator value if no extra building construction 
is considered. The fan coil unit heating system is in the middle point among the 
three different systems. In this study, the heat conversion equipment and the detail 
fittings of the systems were not taken into account. 
 
Wang (2007) has developed a database illustrated in Appendix-2 that supports the 
analysis of the environmental impact (CO2 emissions) of various types of energy 
production. The database includes the raw materials on unit basis obtained in all 
HVAC products, the estimation of energy consumed during refining and 
production of HVAC materials into HVAC products, and transportation covers the 
shipping of materials from the place of manufacture to the construction site. The 
environmental impacts (carbon emissions) of basic HVAC products are presented 
in Appendix-2 on a unit basis, and basic environmental profiles of production per 
unit of electricity and diesel fuel are available. 
 
Legarth et al (2008) carried out an inventory analysis for an ABB EU2000 air-
conditioning unit. The unit studied comprises an air heater, an air cooler, a rotary 
heat exchanger, filters, silencers, fans with large size motors and the hulls. The 
detailed quantitative data of the product materials and the energy input/output of 
the producing processes were collected at the production stage, and an inventory 
analysis was then carried out using the Danish EDIP environmental impact method, 
EDIP software, and database. They analysed the environmental impacts of the air-
conditioning units in nine impact categories (such as global warming and ozone 
depletion), four waste categories, and nine natural resource categories. However, a 
limitation of this study is that the researchers evaluated the specific product only 
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with data obtained from manufacturers. Although these results are considered to be 
relatively precise, the method cannot completely deal with the environmental 
impacts of the other products, such as boilers or furnaces, due to the lack of 
quantitative information from manufacturers. 
 
These empirical LCAs on buildings and HVAC identified the life cycle terms in 
LCA and the development of LCI, as well as the calculation methods. However, 
traditional LCA is a static assessment, which evaluates the environmental burden 
on each phase in the life cycle without considering the dynamic changes. The 
service life varies depending on the type of HVAC product. For example, the duct 
and terminal units, e.g. chilled beams and air outlets, are replaced, refurbished and 
maintained more frequently that chillers and air handling units which comprise the 
majority of the embodied energy (Tae et al., 2011). Life cycle energy analysis must 
account for these dynamic changes in embodied energy associated with HVAC up-
keep and improvement. Currently, for many HVAC systems, particularly in the 
commercial and retail sectors, major refurbishment often involves substantial 
reconstruction and is being undertaken at increasingly short intervals (Olesen and 
de Carli, 2011). Thormark (2002) presented the embodied energy figures associated 
with basic, medium and top grade office fit-outs as 0.13, 0.23 and 0.34 GJ/m2/year 
respectively, assuming frequent replacement annualized from a 60 year building 
life. Averaged over the same building life, the initial embodied energy of the office 
building was 0.08, 0.09 and 0.1 GJ/m2/year for the three grades of office buildings. 
These figures suggest that the embodied energy associated with building fit-out is 
always greater than the initial embodied energy and for highly frequent and top-
grade changes. Cole and Kernan (1996) summarized that the embodied energy 
associated with replacement and repair of building elements over the life of a 
building is greater than that associated with any single element of the initial 
embodied energy. 
 
2.5.3 Selection methods or models for HVAC systems 
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Avgelis and Papadopoulos (2009) developed a method for choosing and managing 
in the best possible way HVAC systems in new and existing buildings. The method 
utilised a combination of two analytical tools, multi-criteria decision-making and 
building simulation, to produce a holistic assessment of HVAC. In order to 
evaluate the method, a series of HVAC systems were considered for installation in 
an office building and the multi-criteria method Electre Ⅲ was applied for their 
selection. According to the issues related to HVAC systems, the authors classified 
the comparison field into four categories: economic criterion, energy criterion, 
user’s satisfaction criterion (indoor air quality and thermal comfort) and 
environmental criterion.  
 
Despite these developments, the LCA for HVAC system performance evaluation 
has been generally minimal. Many of these life cycle assessment are perceived to 
be either incomprehensive or difficult to manipulate. LCA can undertake a multi-
indicator assessment that in addition to carbon footprint includes other indicators 
such as: ecosystem quality; use of resources; biodiversity; human health; water 
footprint (ISO, 2006). However, carbon emissions is perceived as the most 
important core indicator for the selection of HVAC systems, while others are not 
considered in selection mode of HVAC systems (Chen et al., 2006). A review of 
HVAC system literature indicates that even fewer studies have been conducted to 
understand the factors or indicator of the life cycle activates in conjunction with 
environmental impacts (carbon emissions) in the each life cycle term of HVA 
systems. These knowledge gaps and practical deficiencies have in the past 
prevented practitioners from selecting lower carbon emission HVAC systems for 
buildings. In addition, these studies have not sought to develop a systematic 
approach towards the selection of appropriate HVAC systems for office building 
project. The lack of research inspire our research to develop a life cycle assessment 
model to analyse the each life cycle activates and quantify the carbon emissions in 
HVAC systems’ service life. 
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2.6 Dynamic life cycle assessment 
 
The above dynamic changes in HVAC systems will result in maintenance and 
renewal work and contribute to the total life cycle energy. How does this 
maintenance and renewal influence the life cycle carbon? How can this 
replacement work be quantified? As Forrester (1961) notes, the SD model is 
necessary because, while people are good at observing the local structure of a 
system, they are not good at predicting how complex, interdependent systems will 
behave.  
2.6.1 Empirical SD studies  
 
Feniosky and Michael (2001) developed a dynamics plan and control methodology 
by integrating the applications of axiomatic design concepts, concurrent 
engineering concepts, the graphical evaluation and review technique (GERT), and 
the SD model technique. The authors found that SD model technology can 
incorporate the causality links between the variables in a construction system and 
the activity production process. Although a SD model cannot be a true 
representation of how a real project would evolve over time, it is still a useful 
technique to establish a benchmark to compare the results of different overlapping 
strategies developed in the overlapping frame work. 
 
Stave (2003) illustrated the process of building a strategic-level SD model using 
the case of water management in Las Vegas, Nevada. The purpose of the model 
was to increase public understanding of the value of water conservation in Las 
Vegas. The case study demonstrated several benefits of SD for public 
communication about resource management. The SD model simulation provided 
immediate feedback and helped participants better understand the basis for 
management decisions, and also simulated discussion among group members that 
helped build the consensus and support resource managers needed to implement 
their decisions. 
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Anand et al. (2006) developed a SD model based on the dynamic interactions 
among a number of system components to estimate carbon emissions from the 
cement industry in India for a time span of 20 years. The authors set up five SD 
models to represent the relationship between demand and production, availability 
of slag and fly ash, and carbon emissions from cement plants and transportation. 
Quantitative estimates of carbon emissions due to stabilisation of population 
growth, the curtailment of excess cement production, structural management, 
energy efficiency management and a combination of all these measures have been 
worked out. This research successfully identified mitigation strategies for curtailing 
carbon emissions from this sector.  
 
Matsumoto (1999) presented a method to evaluate the life cycle carbon emissions 
by the SD method to understand how all the objects in a system interact with one 
another. The building design strategies to predict and reduce the environmental 
loads for several types of construction and building materials, and the long-life type, 
the energy-efficient type and the conventional type of Japanese typical wooden 
houses were investigated. Matsumoto concluded that: 1) the effectiveness of the 
method was confirmed by the application of the SD method for the LCI of the 
residential buildings; 2) building is a complicated system composed of lots of 
building materials and member subjects and the SD method is suitable to model 
and simulate the LCA; 3) in the modelling by SD, expansion and change of the 
system model are possible for simplicity, and sensitivity analysis of various 
parameters can be easily carried out. 
 
The empirical studies show that the SD model can be applied in studies that (1) are 
extremely complex and consist of multiple interdependent components, (2) are 
highly dynamic, (3) involve multiple feedback processes, (4) involve nonlinear 
relationships, and (5) involve both hard (quantitative) and soft (qualitative) data, (6) 
are related to time. SD is well suited to the analysis of problems whose behaviour 
is governed by feedback relationships and that have a long-term horizon (Vennix, 
1996).  
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2.7 Summary 
 
This chapter reviewed the relevant research on LCA methods, energy indicators in 
the life cycle of HVAC systems, data analysis methods, conventional LCA in 
buildings or HVAC systems, and existing research related to the integration of the 
SD model in LCA and applications. 
 
The life span of a HVAC consists of its manufacture, construction, operation and 
maintenance, and demolition. The categories of energy throughout the HVAC 
service life are identified as follows: the energy to initially produce the HVAC; the 
recurring embodied energy required to refurbish and maintain the building over its 
effective life; the energy to operate the HVAC; and finally the energy consumed 
for demolition. Data analysis methods in life cycle assessments were then 
summarized. Before introducing the SD model, the gap in evaluating dynamic 
changes in conventional life cycle assessments was identified. The important 
characteristics of the SD method were then highlighted, to provide an idea about 
evaluating dynamic changes in life cycle assessment. 
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CHAPTER 3  
METHODOLOGY 
3.1 Introduction  
 
The research methodology includes the research plan and process and the proposed 
framework is presented in detail. LCA is a scientific methodology allowing the 
identification and quantification of the environmental input and output associated 
with a product in relation to its main function, considering all stages of its life cycle. 
The generic LCA method requires that all the main inputs to the processes that 
provide the service are taken into account, as well as the processes and materials 
that feed into those processes, and so on back up the supply chains of the various 
materials in the product to the raw resource inputs.  
 
This LCA explores the possibility of using a representative environmental index to 
compare VAV system, chilled beam system and UAD system.  The results are to 
be integrated in a multi-criteria analysis to provide information to building 
professionals and clients during the design process. In this research, the LCA 
analysis is applied to a case study comparing three green technologies, described in 
more detail in Chapter 4. The functional unit represents a typical air conditioning 
area with 14337.57m2 in a 13-storey commercial building located in Melbourne, 
Australia. An expected life span of the building of 50 years has been chosen, 
considering that in Australia many buildings of this age are demolished or undergo 
major renovations to reach actual thermal efficiency requirements (Cole and 
Kernan, 1996). The boundaries of the system include the impacts directly linked to 
the manufacture of basic materials, products and HVAC components, the related 
transportation; on-site construction; annual operation energy; regular maintenance 
work; and the demolition and disposal of waste.  
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3.2 Organization of LCA programs 
 
Lee et al. (2009) pointed out that the requirements of a LCA program should satisfy 
the information as follows. Firstly, it must include all activities in a HVAC life 
cycle which are categorized as the manufacture stage, the construction stage, the 
operation and maintenance stage, and the demolition stage. Most existing LCA 
programs are designed to evaluate each stage separately for an individual product. 
Secondly, the results of the LCA program should be presented in various ways 
according to the term which is being evaluated, for example, energy consumption 
or carbon emissions as CO2. Finally, it is important to select a purpose or scope for 
the assessment. The scope of the life cycle process in HVAC systems should be 
limited to the HVAC materials and products required for the building, construction 
activities, energy requirements, modification work, and demolition requirements. 
CO2 emission assessment is considered to be a purpose related to the energy 
consumed during the process of an HVAC life cycle. 
 
3.2.1 Structural composition of an LCA program 
 
Based on the three main components for a LCA as outlined above, the structural 
component of its program can be described as follows.  
 
First, Figure 3.1 illustrates the HVAC life cycle process divided into the stages of 
its manufacture, construction, operation and maintenance, and demolition. It also 
shows what is included at each stage. For example, the carbon emissions during the 
manufacture stage would be related to the energy consumed in production and in 
transportation. In the construction stage, the electricity consumed by equipment 
should be taken into consideration. In the operation & maintenance stage, the 
necessary modification and repair works are determined by the HVAC performance 
efficiency and age. Those modification and repair works will consume extra HVAC 
products and materials due to the scale of the maintenance activities. The extra 
energy used for transportation and equipment are also included. An example for the 
demolition stage is the transportation required. 
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Secondly, the method of analysis for the LCA should be undertaken in each stage 
of the life cycle. Available databases for HVAC materials and products, 
construction activities, energy consumption, and demolition stages are not 
comprehensive. It is difficult to establish from a single method of approach. In each 
stage, different methods are appropriate to be used to calculate the carbon emission 
with data coming from different database resources.  
 
To prepare LCA for the modification and repair part of the operation and 
maintenance stage, a database to quantitatively express a HVAC’s rate of 
deterioration, and the repair levels commensurate with aging, is needed. It is also 
necessary to develop a dynamic model to predict the carbon emissions based on the 
life cycle activities. The dynamic model will give a better understanding of the 
HVAC performance in the life cycle process. Furthermore, those dynamic models 
will contribute to motivating more environmentally sustainable design and 
construction strategies. 
 
 
 
 
 
 
 
Chapter 3: Methodology 
 
Page 33 
 
Figure 3.1 The boundaries of the LCA 
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3.2.2 Inventory analysis 
 
Inventory analysis is a process that quantifies the inputs of a production system, 
including energy, materials and chemicals, and the output of the system that is 
released back into the environment, such as CO2 (Li et al., 2010). The major types 
of data required in LCA for inventory analysis include:  
 
• Project data, e.g., project location and quantity of material and products for 
the life cycle processes (manufacture, construction, operation and 
maintenance, demolition) to be assessed; 
• Equipment and transportation data, e.g. the amount, the running time and 
the electricity consumption of the equipment, and the average fuel 
consumption per unit of distance for transportation. 
• Ancillary materials data, including the type and quantity of materials or 
products used in each life cycle process. 
 
In this study, the LCI is performed to integrate the database and general processes 
obtained through the examination of product documentation and empirical case 
study. It provides a cradle-to-grave LCI profile accounting for the whole life of the 
HVAC, including material harvest, manufacturing and transportation of 
components, on-site construction, annual operation and maintenance, and disposal. 
Its LCI results include four main categories of impact: the embodied energy of 
HVAC materials and products; the related transportation; the electricity used in on-
site construction; the annual electricity for operation; the extra energy consumption 
due to maintenance and renewal work; and transportation demolition and disposal 
of the waste. 
 
3.2.3 Functional unit  
 
The ISO defines a functional unit as the quantified performance of a product 
system. According to Blengini (2009), a frequently adopted functional unit is the 
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unitary internal-usable floor area, and it provides a reference to which the input and 
output data are related. It is the basis of the data analysis for the quantified 
comparisons of different HVAC systems. All this considered, the adopted 
functional unit in this study is 1 m2 net floor area.  
 
3.3 Dynamic life cycle assessment 
 
It is difficult to understand the environmental impact or to compare the 
environmental impact among the different HVAC systems if assessment is only 
based on qualitative analysis. A comprehensive quantitative impact analysis is 
necessary to evaluate the inventory data in the comparison of VAV, chilled beam, 
and UAD systems, and further express the overall life cycle impact during a 50-
year life span. Impact analysis can be divided into two sub-steps: investigation and 
hybrid solutions. 
 
Investigation is a process that investigates the material consumption and major 
components used among the VAV, chilled beam and UAD systems according to 
the project drawings. Each HVAC system is analysed in the elements that 
constitute it. The HVAC elements are in turn analysed into their constituent 
materials layers. Based on environmental impact factors, the CO2 emission is 
identified in the manufacture, construction and demolition phases. This assessment 
can be described as a static assessment. 
 
However, for the operation phase, the carbon emission is determined by the 
parameter “performance efficiency” declining by time, which will result in 
increasing energy consumption and also will call for an investigation of 
maintenance and renewal work in order to improve the performance of HVAC. The 
maintenance and renewal work will create carbon emissions due to the product’s 
manufacture and system installation. Therefore, it is not appropriate to evaluate 
carbon emissions in the operation and maintenance stage in a static assessment. It 
should be considered from a dynamic perspective. 
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SD is a modelling method that allows a system to be represented as a feedback 
system. It is based on the original work of Forrester (1961), who defined it as “the 
investigation of the information-feedback character of industrial systems and the 
use of models for the design of improved organizational form and guiding policy”. 
The SD model is useful for the management and simulation of processes with two 
major characteristics: (1) they involve changes over time and (2) they allow 
feedback—the transmission and receipt of information. What makes SD different 
from other approaches to studying complex systems is the use of feedback loops 
and stocks and flows. 
 
A hybrid solution is the appropriate way to understand the environmental impact in 
the four phases of the LCA which has both static and dynamic characteristics. The 
study of the hybrid solution is divided into two parts that coincide with the use of 
two distinct assessment options. The approach is determined to apply static 
assessment in the manufacture, construction, and demolition phases, while dynamic 
assessment is run in the operation and maintenance phases in the 50-year life span 
time, as shown in Figure 3.2.  
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Figure 3.2 Approach to determine the hybrid solutions  
 
 
3.4 Data collection 
 
The data in this research is mainly from literature review. The literature review is a 
clear and logical presentation of relevant research work done thus far in the area of 
investigation, and is the documentation of the relevant studies citing the author and 
the year of the study. The sources of the literatures include database, books, 
journals, conference proceedings, postgraduate dissertations, governmental 
publications, as well as other reports related to the topic to be studied. Data source 
is an important parameter and its reliability, uncertainty and transparency must be 
considered while performing life cycle assessment. 
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Table 3-1 The source of database 
Country  
Database 
name Short description Language 
Author / 
Provider 
Canada OPTIMISE 
Embodied energy, water use & 
air emissions for 42 building 
materials 
English 
French 
Statistics 
Canada 
Canada  
Canadian Raw 
Material 
Database LCI data English   
Environment 
Canada 
Canada  ATHENA 
Envir. LCA model used to 
assess envelop materials. 
&assemblies English 
Athena 
Sustainable 
Material 
Institute 
USA DEAM™ US 
LCI db (US data), to be used 
with TEAM TM sofeware 
English 
French  Ecobalance 
USA 
Environmental 
Knowlegde 
Base 
Software tool for facility 
design, construction & 
operation English 
US Army 
CERL, IL 
USA DEAM™  A green building rating system English  
Japan 
BRI LCA for 
buildings 
Program calculating the energy 
use & CO2 emissions of a 
building Japanese 
Jap. Building 
Res.Institute 
Japan 
NIRE-LCA 
v.2 
Education of LCA 
(refrigerator) Japanese Atushi Inaba 
Australia SimaPro-5 
LCI data , Embodied Energy 
for 14 materials English  
Swiss Oekobase 
LCI db embodied into a LCA 
sofware aimed to asess 
packagings German Migros 
Swiss EcoInvent 
LCI data for energy, transport 
& waste treatment for CH & 
Europe German 
ESU-ETH / 
ENET 
Swiss REGIS 2.0 
Site specific ecobalance 
software. 1000 items: ETH 
energy syst. & waste treat., 
BUWAL 250, infrastructure & 
transp. Processess, etc. 
German 
English 
 Sinum GmbH 
Lerchenfeldstr. 
5 CH-9014, St-
Gallen 
Swiss 
OekoPro 1.5 
(EMPA) 
Product-oriented LCA 
software. 1000 items:ETH 
energy syst. & waste treat., 
BUWAL 250, packag. Mater., 
infras trp processes, etc. 
German 
English 
EMPA 
Lerchenfeldstr.5 
CH-9014, St-
Gallen 
Swiss BUWAL 250 LCI of packaging materials 
German 
English 
French 
BUWAL / 
OFEFP 
Denmark Edip 
LCI db for energy sources, 
transport & industrial products Danish  
Denmark 
SBI's LCA 
DB & 
Inventory tool 
db integrated into an LCI tool 
with uncertainty calculations 
English 
Danish 
Building 
Research 
Institute 
Chapter 3: Methodology 
 
Page 39 
 
French DEAM™ EU 
LCI db (European data), to be 
used with DEAM™ software 
English 
French  
Ecobilan 
M.P.Osset 
Germany GaBi 3 
LCA software. 1500 items: 30 
plastics, 140 intermediate 
chem., 50 power plant 
processes, 50 transport, etc. 
English 
German 
IKP Universtät 
Stuttgart 
Germany Heraklit 4.8 
LCA software. 900 items: 
energy syst., trp, waste treat., 
raw mater., basic mater., 
mater. Conversion, services, 
recycling 
German 
English 
Fraunhofer-
Institute (ILV) 
Munich 
Germany 
TEMIS2  
GEMIS3 
LCI tool. Few emissions for 
numerous energy & transport 
proces. Inselected coutries 
English 
German 
Öko- Institute 
Darmstadt 
Germany Umberto 2.0 
LCA & site specific 
ecobalance software. 200 
items: energy syst., trp, solid 
waste & waste water treat. raw 
& basic mat. (pack, etc.) 
English 
German IFU Hamburg 
Netherlands 
IVAM LCA 
Data 2.0 
LCI building products orient. 
Data (mainly Dutch) for 
SimaPro 4 soft. 
English 
( Dutch ) 
IVAM 
Environmental 
Research Inst., 
Oslo 
Netherlands 
Energi-og 
miljøregnskap 
for bygg LCI building materials data 
German 
Norwegian 
Norweg. 
Building 
Research Inst., 
Oslo 
Swiss SPINE@CPM 
Data administration unit within 
CPM English 
CPM, Chalmers 
Tekniska 
Högskola, 
Göteborg 
UK 
The Boustead 
Model for LCI 
calculation 
LCI software. 4500 items db: 
APME data for plastics, electr. 
For 23 countries, etc. English 
Boustead 
Consulting Ltd 
UK 
Inventory of 
Carbon & 
Energy ( ICE) 
Version 1.6a 
Embodied energy and carbon 
coefficients for building 
materials English 
Deparment of 
Mechanical 
Engineering, 
University of 
Bath 
 
3.5 Summary 
This chapter presented the relevant literature on methodological issues and 
described the specific methodologies adopted in the present research. The research 
design and plan were developed first, in which the main elements such as the 
purpose of study, organization of LCA and inventory analysis were defined. Then, 
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the methodology adopted in this research was presented in detail, which covered 
the research process model and hybrid solutions for dynamic life cycle assessment. 
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CHAPTER 4 
DESIGN OF HVAC SYSTEMS 
 
4.1 Introduction  
Variable air volume (VAV) air conditioning systems, underfloor distribution (UAD) 
air conditioning systems and chilled beam air conditioning systems are three 
commonly-used approaches for commercial buildings. These three air conditioning 
systems are selected to compare their carbon emissions for office cooling and 
heating, and the present study focuses on the life cycle analysis of these three 
systems. In this chapter, the design of these three systems is outlined based on the 
characteristics of a case building, followed by the development of the inventory of 
the materials and products used in the systems, which is the basis of the evaluation 
of life cycle impacts. 
 
The case building is a thirteen-storey office building at the RMIT University 
campus in Swanston Street, Melbourne. The basement, ground floor and floors 2 to 
13 are used for classrooms and offices. The floor plan of each floor is as shown in 
Figure 4.1. The total usable area of the building is 14337.57m2 and the height from 
floor to floor is 4m. The building was built with a reinforced concrete structure. 
The external and internal walls are constructed of bricks and mortar. The external 
walls are double-brick, with core thermal insulation of mineral wool. The external 
concrete building elements (columns, beams, structural walls) are externally 
insulated with an extruded polystyrene layer. The basement is not thermally 
insulated but water resistant protection was applied. The flat reinforced concrete 
roof of the building has an extruded polystyrene layer. The flooring material is 
vinyl tiles in the offices and marble in all corridors and staircases. All the 
information about the building’s characteristics was provided by the Property 
Service Department of RMIT University.  
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Each floor of the building consists of two thermal zones, Zone A and Zone B. Zone 
A has a conditioned area of 436.31 m2 and Zone B has a conditioned area of 931.20 
m2. The geographical and weather data, orientation, infiltration, and other 
parameters related to building load calculations are fixed and are the same for all 
three HVAC systems simulated. The ventilation rate for office occupancy varies 
from 25 to 30 m3/ hour-person, as suggested by the standards (ASHRAE, 2000). 
The heating load of the building is calculated as 460KW at 34.3°C outdoor 
temperature and 25°C indoor design temperature with relative humidity of 55%. 
The detailed thermal load calculations are presented in Appendix 1.  
 
The plans of each floor are identical. The ground floor is taken as an example to 
calculate the materials consumption in three HVAC systems according to the 
HVAC plan draft. The total materials used in the HVAC systems are equal to the 
amount of the ground floor multiplied by the number of storeys. 
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Figure 4.1 The floor plan 
 
4.2 System descriptions 
4.2.1 Variable-Air-Volume (VAV) air-conditioning systems 
 
The VAV air conditioning system is an all air system. As the name implies, the rate 
of air flow is not constant, but varies in accordance with the total cooling load for 
the building. The supply air is usually cooled and supplied to the distribution 
ductwork at a constant temperature, although the air temperature may be reset in 
accordance with the cooling load (Yao et al., 2007).  
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A VAV terminal unit is called a VAV box. It is the zone-level flow control device, 
shown in Figure 4.2 (Moschandreas et al., 1996). Basically, it can be described as a 
calibrated air damper with an automatic actuator (Kusiak and Li, 2010). In the 
heating mode of operation, when the temperature in the room is satisfactory, the 
VAV box will limit the amount of heated air into the room. When the temperature 
is decreasing, the box will open to allow more conditioned air to bring the 
temperature back up. The function of the fan is to maintain a constant static 
pressure in the duct regardless of the position of the VAV box. Therefore, when the 
boxes are closing, the fan will slow down or restrict the amount of air going into 
the supply duct. While the boxes are opening, the fan will speed up and allow more 
air into the duct, in order to maintain a constant static pressure.  
 
VAV systems have two major advantages. First, fans with electronically variable 
speed drives make a significant contribution to reducing the energy consumption in 
fan power (Engdahl and Svensson, 2003). This may be a substantial part of the 
total cooling energy requirements of a building. Second, dehumidification in the 
VAV system is much greater than it is in the constant volume system 
(Moschandreas et al., 1996).    
 
 
Figure 4.2 The structure of VAV terminal box (Moschandreas et al., 1996) 
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A VAV terminal box is composed of the outside box, throttle adjustment, wind 
speed sensor, hot water coils, heating coils, parallel fan and controller (Kusiak and 
Li, 2010). The VAV box is shaped of 25-50 mm galvanized sheet, with insulation 
of 40 kg/m3 density fibre glass (Mumma and Ke, 1998). The outer surface is 
mounted with perforated aluminium foil. The inner surface is covered with a panel 
which provides good insulation and anti-corrosion ability (Bryant, 2010). The 
maximum air speed in the VAV box can reach 20 m/s (Ardehali and Smith, 1996). 
Throttle adjustment is provided by 4 to 6 blades for airflow adjustment (Thosar et 
al., 2008). The air speed sensor is in front of the unit, and it provides proportional 
pressure signals based on the average wind speed. The first amount of the primary 
air can be received from the pressure signals. A minimum air pressure signal is 25 
Pa (Ning and Zaheeruddin, 2010). Hot water coils are made of a galvanized steel 
chassis, aluminium brass sets, and copper tube (Ke, 2002). The inner diameter of 
the copper tube is from 9.5 mm to 12.7mm (Chen and Deng, 2010). The distance 
between the aluminium pieces is 1.80mm and 2.54mm (Fornera et al., 1996). 
Normally, the located aluminium pieces range from 1 to 4 rows. Each row sets up a 
loop, and the heat range is from 2 to 18 kW (Wang, 1999;Chen and Demster., 
1996). Heating coils are made of galvanized steel and installed in the export part in 
the VAV terminal unit. The parallel fan includes a forward centrifugal impeller. It 
is made of galvanized sheet and it has a double-suction structure. Usually, the 
parallel fans are installed in the export part in VAV terminal units. In order to 
prevent the back return of the air flow when the machine is shut down, there is a 
throttle at the export part in terminal units (Ke, 2002). The controller can keep the 
flow between the maximum and minimum (inlet pipe velocity> 1.8m/s) set point 
according to the requirements of the room thermostat (Chen and Demster., 1996). 
  
4.2.2 Under floor distribution (UAD) air-conditioning systems 
 
Floor void supply and ceiling return UAD is a reverse concept in conventional 
overhead air supply. UAD air supply is supported by powered-fans which provide 
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sufficient and efficient air at long distance coverage by a low access floor system. 
A UAD system is composed of three modules: air diffusion module, micro-control 
module , and air handling unit (Chen et al., 2002). 
  
The air diffusion module includes a powered fan, air duct, and grille. The air 
diffusion module supplies cooling air into the room or zone space, of which the 
capacity ranges from 120 CFM to 200 CFM (Liu and Wu, 2010). The air diffusion 
module is accommodated by all types of access floor panels, and the size of the 
panel is 600 mm x 600 mm (Ho et al., 2011). The capacity of the powered-fan for 
supplying air is from 120 CFM to 200 CFM (Liu and Wu, 2010). The air duct is a 
galvanized steel welded duct to convey the air flow supply from the powered fan to 
the open space through grilles, which introduce air into the open space. The 
ultimate loading property of grills exceeds 500 kg which is strong enough to resist 
occasional foot steps or carts.  
 
The factory-fabricated air diffusion panel is bolted locking at the bottom by the 
powered fan and air duct module set. The air diffusion panel is accessible, and 
inter-changeable with any other access floor panels (Alajmi and El-Amer, 2010). 
The length of the access floor system ranges from 300 mm to 400 mm, and the 
minimum size is 250 mm (Ho et al., 2011). Cables are spread in flat or in enclosed 
cable trucking, of which the height is less than 120 mm. The floor occupancy by 
the grilles is small. This type of design makes a significant contribution to the 
flexibility of air outlet layouts at floor level. 
 
The micro-control module is composed of a micro-control set, fan control board, 
thermostat, and sensor. The function of the micro-control module is monitoring 
different zone areas by setting temperature levels (Edition, 2007). In order to 
maintain the required temperature in each room, the micro-control module instructs 
the powered fan to supply the cooling or heating air to meet the thermal load of 
each terminal zone area. The size of each zone served by a micro-control module is 
from 8 square meters to 30 square meters (Stenftenagel, 2007). The maximum size 
can be up to 200 square meters for an open office (Stenftenagel, 2007). The micro 
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control set is the control centre of the micro-control module, and works by 
receiving the setting temperature and monitoring temperature from the thermostat 
and sensor respectively. When the zone temperature is rising higher than the set 
temperature, the micro control set will send a signal to fan control board and 
stimulate the powered fan to increase cooling air to the tenant zone (Badenhorst, 
2002). As a result, the powered fan will return to normal speed when the zone 
temperature drops to the set temperature. The thermostat is usually located in the 
entrance at a convenient and accessible height for users in the tenant zone. 
Normally, the temperature setting is between 16°C and 30°C (Chung et al., 2010). 
The height of the sensors is according to the designed height and location of the 
tenant room. 
 
The air handling unit is suitably located in the interior space for supplying cooling 
air. The air handling unit is a central cooling air handler which delivers conditioned 
cooling air to the floor plenum. From the plenum, cooling air is delivered to the 
floor space through micro-control module terminals. The number of air handling 
units and the capacity is determined by the cooling condition and the office space at 
each floor (Zukowski, 2006). The air handling units deliver chilled air into the 
access floor void as the supply plenum. Fresh air is delivered directly to the air 
handling unit from outside or via a central ventilation system. Extract air is usually 
distributed outside at a high level of the air handling unit covering space 
(Chenvidyakarn and Woods, 2008). An air handling unit includes standard filters, 
copper pipe cooling coils, drive fans and comprehensive control systems. The unit 
is supported by a self-standing steel chassis with shock absorbing buffers. The base 
frame is available in a variety of configurations to direct cooling air as required, 
and the height is adjustable in line with the site level of the access floor (Ho et al., 
2011).  
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Figure 4.3 the Functional scheme of UAD 
 
 
 
4.2.3 Chilled beam air-conditioning systems 
 
Chilled beams are air- and water-based air conditioning systems, which are 
fundamentally different from the all-air diffusers used throughout most office 
buildings. These HVAC systems separate ventilation and dehumidification 
(Kosonen et al., 2010). The beams are made of copper tubes and aluminium fins 
(Cao et al., 2010). This special device can accommodate sensible and latent loads 
(Alamdari et al.). Chilled beam systems offer compelling benefits, expand cooling 
capacity and improve operational performance (Mull, 1997). Chilled beam systems 
are prevalent in European office buildings but have not yet been widely applied in 
Australia (Brodrick, 2007).  
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Chilled beam systems are fundamentally different from the all-air systems used in 
the majority of Australian buildings. There are two categories of chilled beams: 
active and passive (ASHRAE, 2000). Active chilled beams, as shown in Figure 4.4, 
rely on the air unit handlers to supply new air into the conditioned space. The 
chilled water pipes circulate water to help remove the heat from return air. The 
airflow from the air handling unit is through air jets on the side of the chilled beam. 
The method of induction offers good air recirculation in the zone. Passive chilled 
beams as shown in Figure 4.5 simply rely on the natural convection between the 
chilled beams and the air in the conditioned space. Passive chilled beam systems do 
not have air supply systems. When the heat of the air is transferred to the beam, the 
air is cooled and mixed into the air in the occupied zone. Passive beams are best 
suited to applications with high heat loads and low ventilation air requirements 
(Alamdari et al.), and therefore have limited application in most laboratories. 
 
When designing chilled beam systems, two important parameters should be taken 
into consideration: the temperature of the chilled water and the level of humidity in 
the conditioned zone (Griffiths and Eames, 2007). If the temperature of the chilled 
water running in the chilled beam is 45°F, there is a risk of water condensation on 
the coil (Edition, 2007). In order to prevent condensation, the chilled beam water 
temperature must be actively maintained above the room air dew point. 
 
 
Figure 4.4 Active chilled beam systems (ASHRAE, 2000) 
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Figure 4.5 Passive chilled beam systems (ASHRAE, 2000) 
 
 
4.3 Design of the VAV system  
 
1) System must be installed with the VAV box.  
2) The zone temperature is controlled by the VAV box, via pneumatic or 
electric or direct digital control to adjust the flow of the supply air. 
3) The ventilation of the supply air from the air conditioning unit should be 
according to the static pressure in the air duct, in order to meet the thermal 
load by changing the volume of the supply air. 
 
The following parameters are considered in the design stage: (1) the supplied air 
temperature is pliedaT sup, =18°C; (2) the indoor air temperature is indoorT = 25 °C; (3) 
the outdoor temperature at design condition is outdoorT = 34.3 °C; (4) the ventilation 
rate rateV =30m
3/h·person (Mull, 1997). The capacity of the chillers is selected as 
540KW to satisfy the design thermal load of 460KW. 
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4.3.1 VAV Box selection  
 
The VAV box is selected on the basis of the following parameters, including the 
area, thermal load, temperature of supply air, and indoor air temperature. 
1. Determine the thermal load  
The details of thermal load and ventilation of different rooms are shown in 
Appendix 1. 
2. Determine the type of VAV box 
The capacity volume of ventilation should be greater than the designed ventilation 
of each room. 
3. Calculate the total pressure drop 
The total pressure drop (ΔTP), which is equal to the static pressure drop (ΔSP) plus 
the velocity pressure drop (ΔVP), is the true indicator of the fan energy required to 
deliver the designed airflow through the box. 
 
 
To size VAV boxes, the ΔTP is calculated by the following Equation (4-1) 
(Engineering, 2003): 
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−⎟⎠
⎞⎜⎝
⎛+Δ=Δ+Δ=Δ
22
40054005
outin vvSPVPSPTP                                               4-1 
The velocity (v) at the box inlet and outlet are calculated by dividing the airflow 
rate by the inlet and outlet area.  
 
4.3.2 Duct design 
 
In order to determine the size of the ducts, the air flow rate required for the 
building must be calculated by the following Equation (4-2) (Yang, 2006): 
 
( )TcpQm aloada Δ×=                                                                                             4-2 
where, am  is the required volumetric air flow rate of air, in m
3/s; 
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             loadQ  is the thermal load of the each office in building, in kW; 
             acp  is the heat capacity of air, in KJ/kg·°C 
             TΔ is the temperature difference between the supplied air and the indoor 
air, in °C.  
 
The VAV system layout in each floor is shown in Figure 4.4. 
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Figure 4.6 The draft plan of VAV systems on each floor  
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4.4 Design of the UAD system 
4.4.1 Load estimating concepts and factors 
 
When the estimated load has been run with appropriate UAD adjustments made, 
two loads should be compiled: occupiedQ  for the lower mixed zone, and unoccupiedQ  for 
the stratified zone above the stratification height. With these loads, some design 
parameters can be calculated by Equation (4-3), Equation (4-4) and Equation (4-5). 
 
First, determine the airflow in the occupied zone. This is the supply air delivered 
by the underfloor diffusers. 
( )( )plyplenumroomoccupiedroom TTQCFM sup_*10.1/ −=                                                    4-3 
Where, roomT  is thermostat set point for the space, 
            plyplenumT sup_ is assumed discharge air temperature in the plenum. 
 
 
Second, it is required to solve the CFM primary air. 
( )( )plyAHUroomoccupiedBoxZone TTQCFM sup__ *10.1/ −=                                                4-4 
Where, roomT is the thermostat set point for the space, 
            plyAHUT sup_ is the assumed primary air temperature into the zone mixing box. 
 
Finally, determine turnTRe  from the stratified zone. This is the return air temperature 
to the zone mixing box, and the air handler before outdoor air mixing occurs. 
( ) roomroomunoccupiedturn TCFMQT += *10.1/Re                                                             4-5 
Where, roomT  is the thermostat set point for the space, 
            roomCFM is the airflow required in the occupied zone. 
 
4.4.2 Central equipment selection  
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As a UAD system is a predominantly air distribution design, there are many 
elements that should be taken into consideration in the design stage (Schiavon et al., 
2010). 
• The energy of the central fan should be less than a traditional system. 
• Primary ventilation can be lower when the potential load is realized from 
the stratification zone. 
• The selected cooling coil should be able to achieve the required Apparatus 
Dew Point and bypass factor. 
• The control of the load loss of humidity should be taken into consideration, 
and the coil must provide sufficient latent heat to cover the part load loss. 
• Traditional cooling coil leaving air temperatures of 10°C to 13°C should be 
used for coil selection in climates requiring dehumidification of outdoor air. 
Bypassing return air around the cooling coil is one method of obtaining the 
required 16°C to 20°C supply air temperature to the underfloor plenum. 
4.4.3 Terminal equipment selection 
 
Tests have shown an ideal air flow at 0.6CFM/sqft for good mixing (Liu and Wu, 
2010), while the height of the stratification is 300 mm. To select a passive diffuser, 
determine the required room airflow using Equation (4-6) and divide it by the 
tabulated air flow for the diffuser at the pressure maintained in the plenum 
(Schiavon et al., 2010). This will provide an approximate number of diffusers. 
Adjustment may be made to ensure that all spaces receive adequate coverage. 
essurePlenumatRoom MDiffuserCFCFMDiffusers Pr__/# =                                             4-6          
 
The UAD system layout in each floor is shown in Figure 4.5 and the stars “¤” are 
symbols for air diffusers.  
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Figure 4.7 The draft plan of UAD systems on each floor 
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4.5 Design of the chilled beam system 
 
The chilled beam system is an air/water system for high-temperature cooling and 
low-temperature heating that utilizes the excellent heat transfer properties of water 
and provides a good indoor climate energy-efficiently. A chilled beam system is 
realized as a dedicated outdoor air system with sufficient airflow rates to ensure 
good indoor air quality (Brodrick, 2007). There are two typical chilled beam 
systems, passive and active, which are frequently used in commercial spaces. 
However, active chilled beam systems have dedicated air supply systems, and offer 
good air recirculation in the tenants’ zone. In the exemplar buildings, the functions 
of the supposed chilled beam systems are both cooling and heating. As the chilled 
beam system is a typical air and water air conditioning service, it needs to employ 
the four-pipe system. Two pipes work supplying the chilled water and returning 
chilled water for cooling in summer, and the other two works supplying heated 
water and returning heated water for heating in winter. 
 
A chilled beam system provides excellent indoor air conditions and cost-efficient 
life cycle costs when realization is managed properly from design to use of the 
building, including definition of targets; room control; duct work and pipe work 
design; and central systems design. 
 
4.5.1 Definition of targets 
 
Active chilled beams are well suited to private and public office buildings, health 
care facilities, and hotel buildings. Active chilled beams are especially suitable for 
landscape and cell offices, patient care spaces, and hotel guest rooms (Woods, 
2007). Adaptable active chilled beams are ideal for flexible office spaces, where 
the office layout is changed frequently and space is shifted often between offices, 
lecture room and auditorium. The requirements of office buildings can be 
controlled by active chilled beam systems at air flow rates from 1.67 L/s·m2 to 2.8 
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L/s·m2 in offices (ASHRAE, 2000). For lecture rooms and auditoria, the range varies 
from 1.67 L/s·m2 to 5.58L/s·m2 (ASHRAE, 2000). 
4.5.2 Air flow control and chilled beam locations 
 
The ventilation requirements of offices, lecture rooms and other types of rooms 
vary greatly according to the occupancy level. Using demand-based ventilation 
control using CO2 sensors, the chilled beam locations can be arranged as shown in 
Figure 4.6, contributing to a highly energy-efficient operation. Table 4-1 provides 
the details of chilled beam arrangements in each air-conditioned space.  
 
The air flow rate of the chilled beam is dependent on effective length ( effL ), chilled 
beam chamber pressure ( mPΔ ), nozzle size ( nozD ), and air quality control unit 
adjustment position. The air quality control unit is on the top of the chilled beams, 
supplying air upward. It is recommended to position the beam at a minimum 
distance of 70cm from the wall and 120cm from the ceiling. The total air flow rate 
of the chilled beam unit can be 20 to 120 m3/h· m when equipped with AQ control. 
The effective length of a chilled beam equipped with air quality control unit (either 
a manual or a motorized version) is 70cm shorter than the total length.  
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Figure 4.8 The floor plan of the chilled beams  
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Table 4-1 Ventilation rates, velocity control position according to zone size 
(ASHRAE, 2000) 
Primary airflow rate Velocity 
control 
position 
Nozzles 
 
 
1vq  
Air 
quality 
control 
2vq  
Total 
1vq + 2vq  
Total 
1vq + 2vq  
Room Space type 
Left  Right  m3/h m3/h m3/h m3/h· m2 
1001 A Lecture room  1 2 53.76 0 53.76 8.78 
1001 B Lecture room  2 1 53.76 0 53.76 8.78 
1002  Office  2 2 53.76 53.76 107.52 8.78 
1003 Office  2 2 53.76 53.76 107.52 8.78 
1004 Office  2 2 53.76 53.76 107.52 8.78 
1005 A Lecture room 1 2 53.76 0 53.76 8.78 
1005 B Lecture room 2 1 53.76 0 53.76 8.78 
1006  Office  2 2 53.76 53.76 107.52 8.78 
1007 Office  2 2 53.76 53.76 107.52 8.78 
1008 A Lecture room 1 2 53.76 0 53.76 8.78 
1008 B Lecture room 2 1 53.76 0 53.76 8.78 
1009 A Lecture room 1 2 53.76 0 53.76 8.78 
1009 B Lecture room 2 1 53.76 0 53.76 8.78 
1012 A Auditorium 3 3 53.76 53.76 107.52 8.78 
1012 B Auditorium  3 3 53.76 53.76 107.52 8.78 
 
4.5.3 Duct work and pipe work design 
4.5.3.1 Duct systems  
 
The ductwork is divided between constant-pressure zones, allowing individual 
adjustment of the air flow rates of each room and continuous air flow control zones, 
according to demand in meeting rooms. The ductwork is sized using low velocities 
(<1200 fpm), taking into account the predicted maximum air flow rate in order to 
minimize pressure losses within the zone and to maintain the desired air flow 
accuracy and meet cooling capacity requirements. Ductwork balancing is not 
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needed in constant-pressure duct systems when unitary airflow rates are adjustable. 
Even constant airflow rates of office rooms can be integrated into the same 
ductwork as variable air flow rate controls for meeting rooms. Typically, the use of 
units is similar (in length or nozzle type), along with individual adjustment of air 
flow rates, allowing effective commissioning of the system. 
                                                                                                                      
According to the parameters of air systems in chilled beam systems shown in Table 
4-2, the size of the duct work can be calculated using the same method as for the 
VAV system.  The duct work layout in each floor is shown in Figure 4.7. 
 
Table 4-2 Definition of design conditions and operation parameters (ASHRAE, 
2000) 
Typical input values and operation ranges 
Room temperature, summer 22…25°C 
Room temperature, winter 20…23°C 
Supply air temperature for cooling 16…19°C 
Supply air temperature for heating 16…19°C 
Water inlet temperature, heating 13…16°C 
Water inlet temperature, cooling 35…45°C 
Target duct pressure level for cooling 0.3…0.5  
Target water flow rate for cooling 20.2…101.1 ml/s 
Target water flow rate for heating 10.1…41 ml/s 
Outdoor air flow rate per unit floor area Office room: 1.67…2.8L/s·m2; Lecture 
room: 1.67…5.58L/s·m2 
Outdoor air flow rate over effective length 20.88…52.2 m3/h· m 
Cooling capacity per unit floor area …4.04 W/m 
Cooling capacity / beam’s effective length …36.05 W/m 
Heating capacity per unit floor area …0.58 W/m 
Heating capacity / beam’s effective length 21.63 W/m 
Draught rate < 15% 
Cooling: 0.23 m/s Average room air velocity 
Heating: 0.18 m/s 
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Figure 4.9 The duct plan of chilled beam systems  
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4.5.3.2 Pipe systems  
 
In order to ensure the appropriate indoor air quality of the office building, the four-
pipe system is often selected for application in chilled beam systems, conducting 
the heating water and chilled water to either heat or cool the supply air. The tasks 
of the four pipes are as follows: supply heating water pipe/return heating water pipe 
in winter air conditions, and supply chilled water pipe/return chilled water pipe in 
summer air conditions. This water system offers a better indoor environment and 
can be operated either in summer or winter. 
 
In order to size the pipe, the water flow rate required for the building must be 
determined using the following Formula (4-7): 
 
( )srw
load
w ttcp
Q
m −=                                                                                                    4-7 
Where, wm  is the required volumetric water flow rate, in m
3/s; 
loadQ  is the thermal load of the each office in the building, in kW; 
wcp  is the heat capacity of water, in KJ/kg·°C; 
rt  is the temperature of return water; 
st   is the temperature of supply water. 
 
The size of the pipe can be calculated with Formula (4-8): 
v
m
A w=                                                                                                                   4-8 
Where, A is the area of the pipe; 
 v  is the water flow rate, assumed as 1m/s (ASHRAE, 2000). 
 
The diameter of each pipe can be identified according to the area of the pipe. 
Taking one pipe as an example, the arrangement of the water plan is shown in 
Figure 4.8. 
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Figure 4.10 Arrangement of chilled pipe  
 
The index circuit is marked on the plan, from 0 to 10. The total pressure loss in the 
index circuit is calculated as 307 Pa. The water plan of the chilled beam systems is 
shown in Figure 4.9. 
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Figure 4.11 The pipe plan of a chilled beam system  
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4.6 Estimation of materials usage in the three HVAC systems  
 
The quantities of the materials and products used in these three HVAC systems are 
estimated based on the system design, and results are presented in Table 4-3, Table 
4-4, and Table 4-5. The raw materials consumed in the HVAC products and 
materials are also listed in these tables. These data for the inventory of HVAC 
products will be developed in Chapter 5.  
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Table 4-3 The estimation of the products and materials consumption of VAV 
systems  
System Equipment   Materials 
Amo
unt* 
Amoun
t Total 
VAV Screw chillers   Iron  Copper   1 EA 1 EA
 Size  540 kW  1761kg 1251kg   
 Air handling unit   Iron Copper 
Alumi
nium 1 EA 13 EA
 Size  
77.22 
kW  501.17 kg 94.6kg 
16.53 
kg  
 Air outlet  Iron   
21 
EA 273 EA
 Size 200*200 mm 3.58 kg    
 Cooling tower (Square) Iron Copper  1 EA 1 EA
 Size  200 RT  853 kg 22 kg    
 Duct system       
 
Size 
(mm) 
Length 
(m) 
Area 
(m2) 
Galvanized 
steel  
Mass=0.75*∑Area*15.9 
kg/m2  
 
 
1000*500 42.47
152.8
9 15.9 kg/m2     
 800*400 17.61 42.26 D=0.75mm   
4646.
22 kg
60400.
86 kg 
 800*320 38.05 85.23     
 630*320 9.45 17.96     
 500*250 25.9 38.85     
 400*320 34.05 49.03     
 320*250 2.98 3.4     
 
Fitting (including elbows, 
tees, transitions, diffusers, 
dampers) Galvanized steel    
    761.36 kg    
9897.8
6 kg 
 Hangers   Iron     
        22.26 kg       
 289.38 
kg 
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Table 4-4 The estimation of the products and materials consumption of UAD 
systems  
System Equipment Materials Amount* 
Amount 
Total 
Chilled 
Beam Screw chillers  Iron  Copper   1 EA 1 EA 
 Size  
540 
kW 1761kg 1251 kg    
 Air handling unit  Iron Copper Aluminium 1 EA 13 EA 
 Size  
77.22 
kW 501.17kg 94.6 kg 16.53 kg   
 
Cooling tower 
(Square) Iron Copper  1 EA 1 EA 
 Size  
200 
RT 853 kg 22 kg    
 Chilled Beam Iron  Copper   17 EA 221 EA 
 Size  
20 
RT 118.38 kg 22.4 kg    
 
Galvanized steel 
pipe       
 Size  
Length 
(m)  Iron      
 1-1/4" 102.78 3.38 kg/m 347.4 kg   
 1-1/2" 118.76 3.89 kg/m 461.98 kg   
  2" 50.78 5.31 kg/m 269.64 kg   
 2-1/2" 51.54 7.47 kg/m 384.96 kg   
  3" 54.28 8.79 kg/m 477.1 kg   
  4" 56.75 12.2 kg/m 692.35 kg   
 10" 52.00 42.4 kg/m 2204.8 kg  
4838.23 
kg 62987 kg
 Balance valve  Iron     
 Size  
1-
1/4" 1.25 kg/EA   68 EA 884 EA 
  
1-
1/2" 1.56 kg/EA   34 EA 442 EA 
  10" 140 kg/EA   4 EA 52 EA 
 
Duct 
system       
 Size (mm) 
Length 
(m) Are (m2) 
Galvanized 
steel  Mass=0.75*∑Area*15.9kg/m2 
 500*250 80.45 120.68 15.9 kg/m2    
 400*320 70.23 101.13
D=0.75 
mm    
 320*250 95.2 108.53   
3939.24 
kg
 
51158.25 
kg 
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Table 4-5 The estimation of the products and materials consumption of chilled 
beam systems  
System Equipment Materials Amount*   
Amount 
Total 
UAD Screw chillers  Iron  Copper   1 EA 13 EA 
 Size  540 kW 1761kg 1251kg    
 Air handling unit  Iron Copper Aluminium 1 EA 13 EA 
 Size  
77.22 
kW 
501.17 
kg 94.6 kg 16.53 kg   
 Cooling tower (Square) Iron Copper  1 EA 13 EA 
 Size  200 RT 853 kg 22KG    
 Grille   Copper PVC 130 EA
1690 
EA 
 Size  8 m/m  0.16 kg/m 0.08 kg/m  
  14 m/m  0.24 kg/m 0.12 kg/m   
 Micro Control Set Iron   13 EA 169 EA 
 Size  
t=1.5 
mm 
11.78A 
kg     
 Thermostat  Iron   13 EA 169 EA 
 Size   2.75B kg     
 Sensor  Iron   13 EA 169 EA 
 Size   2.75C kg     
 Fan Control Board Iron   13 EA 169 EA 
 Size   12.1Dkg     
 Air-diffusion panel Iron   40 EA 520EA 
 Size  
600*600 mm       
7.9Ekg     
 Air outlet  Iron   40 EA 520 EA 
 Size  
200*200 
mm  3.58 kg    
 Duct system       
 Size  
Length 
(m) Are (m2) 
Galvanized 
steel  Mass=0.75*∑Area*15.9 kg/m2 
 200*200 mm  25.3 20.24 15.9 kg/m2  
321.8 
kg 
4183.4 
kg 
 Access floor system Iron D=0.75mm   
  Size  300 mm 
22.23F 
kg       
288.99 
kg 
Note:    
 
1. Amount* represents the amount of materials for one floor. The total amount 
is the sum of each floor. 
2. The area of the duct is calculated by the equation: S= 2*(a+b)*L.  
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3. The mass of the ducts is estimated based on the measured length, the 
thickness of the steel sheet, and the density of the materials. The equation is 
as follows: Mass= Thickness *Area*Density 
4. The data followed by A,B,C,D,E,F come from manufacturers’ data 
(Stenftenagel, 2007) 
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CHAPTER 5 
THE DEVELOPMENT OF LCA WITH METHODS AND 
INTERPRETATIONS 
 
5.1 Introduction  
 
Unlike general consumer goods, a HVAC system possesses a long life span from 
its manufacture, construction, operation & maintenance, to its demolition, and 
consumes energy resources throughout its life cycle. For the LCA of HVAC system, 
the assessment should be  involved the analysis of total raw materials and resources 
used during the life cycle according to the type of construction and the global 
warming emissions such as CO2 must be undertaken.  
 
An exemplar method for comprehensively measuring resource usage and carbon 
emission during the life cycle of a HVAC is LCA. LCA provides a systematic 
methodology to measure and assess the environmental properties of products and 
processes and is well suited to the energy consumption and carbon emission 
assessment of HVAC systems. Furthermore, process-based analysis is chosen as 
the data analysis method rather than economic input-output based analysis in this 
LCA study, since no economic input-output data with resource input and 
environmental output are available in Australia. 
 
This chapter presents a LCA program, with its components and characteristics for 
the analysis of HVAC systems in each stage of the life cycle. Furthermore, through 
the development of the program with inventory and calculation methods, this 
chapter provides baseline data for the embodied energy of HVAC systems. Due to 
the difficulty of understanding the environmental impact among different life cycle 
stages in HVAC systems, a comprehensive inventory analysis is necessary to 
translate inventory data to environmental burden, such as CO2 emissions per unit. 
The activity details are described and divided into four stages: manufacture, 
construction, operation & maintenance, and demolition. The following description 
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provides definitions of the terms of the investigation activities involved in the four 
stages of LCA of HVAC systems.  
 
5.2 The definitions of the four life cycle term of HVAC systems 
 
5.2.1 Manufacture stage  
 
The manufacture stage is the phase of production of HVAC materials and three 
major activities occur in this stage. The first procedure in the material production is 
the extraction of raw materials, for example drilling for oil, mining for iron ore, or 
harvesting wood. The energy used to acquire raw materials is the initial embodied 
energy of the iron, copper and aluminium materials for the HVAC systems. The 
second procedure in the manufacture phase is the refinement of raw materials into 
engineered HVAC products, such as the extrusion of steel or aluminium and the 
injection modelling of plastics. The techniques for refining the raw materials and 
production of HVAC products (e.g. chillers, air handling unit, fan-coils, etc) are 
defined as the process of HVAC materials. The last procedure is the transportation, 
which covers shipping of HVAC products from the manufacturing site (e.g. the 
manufacturer’s factory) to the construction site. The carbon emission from the 
transportation is the fuel consumption for delivering HVAC products. The 
embodied energy is therefore the sum of energy expended during raw materials 
extraction, the processes of HVAC product refinement and production, and the 
transportation from the site of manufacture to the construction site. 
 
5.2.2 Construction stage  
 
The construction stage is the phase of installing the comprehensive HVAC 
products in unequipped buildings, in order to produce the mechanical service as a 
function of heating, cooling and ventilation. The carbon emissions in this phase 
include from the electricity consumed for power tools and lighting, as well as 
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heavy equipment at the construction site. HVAC installation work is one part of the 
total work-load of HVAC construction. The construction processes involve the use 
of construction equipment, e.g. cranes hoist HVAC products, and hammers for 
pile-driving. The majority of the HVAC construction work, including the 
installation of ducts, air outlets, chilled beams, air diffusers, and thermal insulation, 
is undertaken by manual workers. However, the present study did not account for 
manual workers, because no actual information for this particular project was 
available and manual worker consumption was not included for other stages used 
in this study, such as the manufacture, maintenance and renewal, and final 
demolition stages. 
 
5.2.3 Operation & maintenance and renewal stage 
 
The operation stage activities consist of heating, cooling and ventilating the 
building. Carbon emissions are mainly from the electricity consumption of HVAC 
services. The service life of a HVAC system can be defined as the time during 
which a particular system or component remains in its original service application. 
The service life of HVAC products and materials may not be equal to the service 
life of the building itself. Replacement may occur for a variety of reasons (Aherne, 
2009), including for example premature failure, general obsolescence, reduced 
reliability, excessive maintenance cost, changed application requirements (space 
occupied, building load changes), environmental considerations (refrigerant phase 
out), energy price increase (more efficient plant available), unavailability of spare 
parts, and changes to building function. The replacement will call for an 
investigation of maintenance and renewal work in order to improve the 
performance of the HVAC system. This maintenance and renewal work will create 
extra carbon emissions due to the energy consumption in embodied energy and the 
installation of extra HVAC products. The follow descriptions provide an inventory 
of extra HVAC products due to the maintenance and renewal work-load. 
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1) Embodied energy of extra HVAC products 
• Initial embodied energy consumption for the extraction of the extra 
raw materials. 
• Energy used in the process of refining the extra raw materials into 
extra HVAC products. 
• Transportation for delivery of extra HVAC products to construction 
site. 
2) The installation of the extra HVAC products  
• Electricity consumption for installation equipment used in 
maintenance stage. 
 
5.2.4 Demolition stage  
 
The demolition stage is the phase for deconstruction work and the transportation of 
HVAC for waste disposal. HVAC deconstruction work is one part of the total 
work-load of HVAC deconstruction. The deconstruction processes involve the use 
of deconstruction equipment, e.g. hammers and drills for uninstalling the ducts, air 
outlets, chilled beams and air diffusers. The majority of the HVAC deconstruction 
work is undertaken by manual workers. Due to no primary on-site data for the 
electricity consumed for deconstruction equipment in demolition stage, the energy 
consumed in this phase is the fuel and energy consumption for transporting HVAC 
waste to landfill or recycling factories. 
 
 
 
Figure 5.1 to Figure 5.4 show the work flow of the life cycle activities from the 
manufacture stage to the final demolition phase. 
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Figure 5.1 Inventory analyses in manufacture  
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Figure 5.2 Inventory analyses in construction  
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Figure 5.3 Inventory analyses in operation & maintenance  
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Figure 5.4 Inventory analyses in demolition  
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5.2.5 Summary of the inventory analysis  
 
The calculation of carbon emissions is divided into five parts as follows: 
i. Initial embodied energy (embodied carbon emissions) of HVAC products  
ii. Carbon emission from the process of HVAC production, in which the 
carbon emissions are due to the energy used to refine the raw materials into 
HVAC products; 
iii. Carbon emissions from the delivery of HVAC products, which are carbon 
emissions due to fuel and energy consumption for transportation to 
construction site; 
iv. Carbon emissions due to the electricity used for equipment in on-site 
construction; 
v. Carbon emissions from the fuel combustion and energy consumption of 
transportation for demolition waste  
 
5.3 Calculation for carbon emission  
5.3.1 Embodied energy of HVAC materials  
 
Embodied energy is the estimation of the primary energy consumption and the 
carbon emissions. Typically, they are the inputs and outputs of the life cycle 
activities which can be considered as the system boundaries of the analysis (Kara 
and Ibbotson, 2011). The embodied energy in units of Mj (Megajoules) and kg 
CO2eq is the summation of the embodied energy incurred in the materials 
manufacturing process (Hammond and Jones, 2008). The embodied energy of these 
manufacturing supply chain scenarios are influenced by four main factors. They are 
(1) the weight (in kg) of the transported raw materials, (2) supplier locations that 
determine the electricity used in processing the raw materials, (3) travel distances 
(in km) from the source to the manufacturer as well as (4) the transportation type 
used to transport the raw material from the source to the manufacturer. 
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Yan et al. (Yan et al., 2010) presented a case study showing the calculation of 
greenhouse gas emissions in building construction. They used Formula (5-1) to 
calculate the initial embodied carbon emissions of all HVAC materials and 
products:          
                                         
i
j
i
ji fME ×= ∑                                                                                                      5-1 
Where, iE is the total initial embodied carbon emissions of all building materials 
(in kg CO2- e);  
            ijM is the amount of building material j (in kg);  
            ijf is the carbon emission factor for building material j (in kg CO2-e/kg).  
 
This inventory of initial embodied energy and carbon coefficients of HVAC 
materials has been collected from secondary sources in the public domain, 
including journal articles, life cycle assessments, books, conference papers and 
reports. For each material used in the manufacture of the HVAC systems, the initial 
embodied energy and equivalent carbon emissions values are presented in Table 5-
1, together with the sources of the information. 
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Table 5-1 Initial embodied energy & equivalent CO2 emission values for the 
manufacture of HVAC systems 
 
Material  Description  
Embodied 
Energy-
MJ/kg 
Embodied 
Carbon-
kgCO2/kg Source  Reference  
Iron Virgin 25 1.91
Inventory of 
(Embodied) 
Carbon & 
Energy (ICE) 
(Hammond 
and Jones, 
2008) 
Aluminium General 218 11.5
 Cast 225.5 11.7
 Extruded 213.5 11.2
 Rolled 217 11.5
Inventory of 
(Embodied) 
Carbon & 
Energy (ICE) 
(Hammond 
and Jones, 
2008) 
Copper General 40-50 2.19-3.83
 Primary 70 3.83
Inventory of 
(Embodied) 
Carbon & 
Energy (ICE) 
(Hammond 
and Jones, 
2008) 
Plastics 
General 
Plastic 80.5 2.53
Manufacturer, 
industry data  
 
General 
Polyethylene 83.1 1.94 Xu, 2008 
(Xu et al., 
2008) 
 PVC General 77.2 2.41
Deam 
database 
(Scheuer et 
al., 2003) 
 PVC Pipe 67.5 2.5
Manufacturer, 
industry data  
Steel General steel 35.5 2.75
 Bar & rod 36.4 2.68
Inventory of 
(Embodied) 
Carbon & 
Energy (ICE) 
(Hammond 
and Jones, 
2008) 
 
Engineering 
steel 13.1 0.68
Deam 
database 
(Scheuer et 
al., 2003) 
 Pipe 34.4 2.7
 Plate 48.4 3.19
 Section 36.8 2.78
 Sheet 31.5 2.51
 
Sheet 
Galvanised 39 2.82
 Wire 36 2.83
 Stainless  56.7 6.15
Inventory of 
(Embodied) 
Carbon & 
Energy (ICE) 
(Hammond 
and Jones, 
2008) 
Insulation Mineral 14.6  
 Fibreglass 30.3  
 Polystyrene 117  
 Cellulose 3.3  
Yang, 2006 (Yang, 2006) 
Brass General 44 2.42
Inventory of 
(Embodied) 
Carbon & 
Energy (ICE) 
(Hammond 
and Jones, 
2008) 
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5.3.2 Carbon emission from transportation of HVAC products 
 
Based on Yan (2010), the carbon emissions for the transportation of HVAC 
materials can be calculated from Formula (5-2) 
 
( )∑ ×+××= iissjiilljiijii fTfTME                                                                    5-2  
 Where, iiE  is the total carbon emission from transportation of all HVAC materials 
in (kg CO2-e);  
              iijM is the amount of HVAC material j (in kg);  
              ljT  is the total transportation distance of HVAC materials j by land (in km); 
              sjT  is the total transportation distance of HVAC materials j by sea (in km);  
             iilf  is the carbon emissions factor for transportation by land (in kg CO2-
e/ton km); 
             iisf  is the carbon emissions factor for transportation by sea (in kg CO2-
e/ton km).   
Carbon emission factors for transportation by land and by sea are shown in Table 
5-2 for reference.  
 
Table 5-2 Carbon emission factors for transportation of HVAC products and 
materials  
Method of transportation  
CO2 emissions factor (kg 
CO2-e/ton km) Reference  
Deep-sea transport 0.0748 (Chen et al., 2001) 
Truck 0.0687 (Yan et al., 2010) 
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5.3.3 Carbon emission from the electricity used by equipment  
 
According to the “National Greenhouse And Energy Reporting System 
Measurement” (NGERT, 2008), the electricity consumption by the equipments can 
be calculated from Formula (5-3) 
 
∑ ×= ivjjiv fEE                                                                                                     5-3                           
Where, ivE is the total carbon emissions due to electricity used by construction 
equipment (in kg CO2-e);  
            jE  is the quantity of purchased electricity from power company j (in kWh);   
            ivjf is the emission factor for power company j (in kg CO2-e/kWh), but it 
has a territory-wide default value of 1.22 CO2-e/kWh in the state of Victoria in 
Australia (NGERT, 2008).  
 
5.3.4 Carbon emission from fuel combustion for transportation of demolition 
waste 
Formula (5-4) is used to calculate the carbon emissions from fuel combustion for 
the  transportation of demolition waste (Yan et al., 2010). 
 
v
j
v
jv fTWE ∑ ××=                                                                                                5-4 
Where, vE  is the total carbon emission from fuel combustion for transportation of 
demolition waste (in kg CO2-e); 
v
jW is the amount of waste transported to landfill j (in kg); 
jT is the double distance between construction site and landfill j (in km); 
and vf is the carbon emission factor for transportation (in kg CO2-e/ton km), which 
can be evaluated as 0.0687 (shown in Table 5-2). 
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5.3.5 Total carbon emissions  
 
∑
=
=
v
ij
jEE                                                                                                              5-5 
E  shows the total carbon emissions in the manufacture, construction, operation 
and maintenance, and demolition stages. It is the sum of the energy consumed from 
the activities in the four life cycle stages.   
 
5.4 Results summary in four life cycle phases 
5.4.1 Carbon emissions in manufacture phase  
 
Wang (2007) has developed a database illustrated in Appendix-2 that supports the 
analysis of the environmental impact (CO2 emissions) of various types of energy 
production. The database includes the raw materials on unit basis obtained in all 
HVAC products, the estimation of energy consumed during refining and 
production of HVAC materials into HVAC products, and transportation covers the 
shipping of materials from the place of manufacture to the construction site. The 
environmental impacts (carbon emissions) of basic HVAC products are presented 
in Appendix-2 on a unit basis, and basic environmental profiles of production per 
unit of electricity and diesel fuel are available. The total materials consumptions for 
the VAV system, the UAD system and the chilled beam system have already been 
presented in Chapter 4. According to Formula (5-1) and Formula (5-2), the total 
embodied carbon (materials & equivalent CO2 emissions, process CO2 emission 
and delivery CO2 emissions) on an average unit of the product of the three different 
HVAC systems is illustrated in Table 5-3, Table 5-4, and Table 5-5.   
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5.4.2 Carbon emission in construction phase  
 
Activities in the construction phase include site preparation, HVAC product 
installation, and mechanical and electrical equipment installation. The energy and 
environmental flows associated with the construction process could not be 
established directly, since there was no record available showing equipment usage 
or operational hours for HVAC installation. Therefore, the construction carbon 
emissions will not be directly calculated by Formula (5-3). Estimates of 
construction energy burdens in the literature range from 1.2 to 10% of embodied 
energy (ATHENA, 2001;Cole and Rousseau, 1992).  
 
The most relevant work in the context of this paper is that by Honey and Buchanan  
who presented the life cycle energy expenditure for two office buildings in New 
Zealand, of two storeys (2400 m2) and five storeys (8568 m2). The research 
examined the relative orders of magnitude of the components of life cycle energy 
use in office buildings. An important conclusion is that construction energy 
accounts for 6.5-10.0% of materials embodied energy (Buchanan and Honey, 1994). 
The higher values in Cole and Rousseau’s study (up to 12% of material embodied 
energy) included transportation burdens for construction workers (Cole and 
Rousseau, 1992). Therefore it was decided to use 8% of total embodied energy to 
calculate both equipment energy consumption and transportation burdens. The 
carbon emissions for construction are 1.596 kg CO2/m2 for the VAV system, 3.174 
kg CO2/m2 for the chilled beam system, and 2.694 kg CO2/m2 for the UAD system. 
 
5.4.3 Carbon emissions in operation phase  
 
The energy used to heat, cool, and ventilate buildings represents over 30% of 
Australia’s national energy use, with approximately 20% used in commercial 
buildings (NGERT, 2008). In other countries with different industrial bases, space 
heating or cooling in buildings can be as high as 50% of the national energy use 
(Zogou and Stamatelos, 2007). Because this case building is not being monitored 
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directly, the records of the three HVAC services in operation phases will refer to 
empirical studies and recent literature.  
 
Computer simulation is a convenient tool for assessing building energy 
performance, air conditioning system features, and system operational strategies. It 
allows users to test their ideas and designs to see what the impact of their decisions 
would be on energy consumption and other aspects. Ming and Wei (2003) applied 
DeST software to simulate the thermal load distribution in a building with VAV 
systems. In this study, a new module was developed in the DeST program, in order 
to evaluate the benefits of the VAV system under cooling conditioning in terms of 
energy usage. A case study was then made to demonstrate the application of the 
VAV system in a five-storey office building. Simulation results from the electricity 
usage imply that the majority of their operating hours were at loads ranging 
between 40 and 70 percent of their full load capacity. The full load work time only 
takes 5% of their whole operating hours. Their energy saving potential means that 
the VAV systems are expected to achieve 11.7% to 22.2% compared with the 
conventional systems. With the same nominal cooling capacity, the total electricity 
energy consumption of VAV systems in the operation stage is 0.08121 GJ/m2 per 
year (47 kg CO2/m2 per year) (Ming and Wei, 2003). In comparison, the 
Department of Energy Commercial Building Energy Consumption Survey (DOE, 
1998) shows that the bills for conventional HVAC systems are 0.3 GJ/m2 per year 
for offices, and 0.1 GJ/m2 per year for educational buildings. 
 
The chilled beam system was first introduced in the 1970s (Koskela et al., 2010), 
and the VAV system was first introduced in the 1960s (Wei and Zmeureanu, 2009). 
Due to their long histories, both systems have been widely studied both 
experimentally and numerically. Three popular air conditioning systems, VAV, 
fan-coil plus fresh air and the chilled beam system, used in a 10-storey office 
building were studied by using the Energy Plus software (Kosonen et al., 2010). 
From the simulation results, the chilled beam system was found to be the most 
efficient system compared to the other two HVAC systems. Chilled beam in 
combination with a dedicated air system can reduce cooling and ventilation energy 
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consumption by 25-30% relative to a VAV system.  For passive chilled beams, the 
cooling capacity typically is split between panels and natural convection heat 
transfer. For example, the split capacity of a passive beam is around 40%/60%, at a 
cooling density of up to 150 W/m2. However, active chilled beam units, using 
recirculated room air flow induced by the ventilation can supply between 25 and 
250 W/m2 and achieve 17% fan power reduction relative to conventional VAV. 
Another real case is made by Fläkt Woods Group, who did visual inspections in a 
building with a chilled beam system located in Stockholm in Sweden. The site 
record indicates the electricity cost of the chilled beam system in operation stage is 
0.056847 GJ/m2 (32.9 kg CO2/m2 per year) (Woods, 2007).  
 
Appropriately designed and operated UAD systems have several potential 
advantages over traditional overhead systems, such as improved thermal comfort, 
indoor air quality and energy efficiency. Alajmi and El-Amer (2010) pointed out 
that both VAV and UAD systems are typical of current good-practice systems, 
using low-energy technologies such as a fan static pressure reset and outdoor dry-
bulb economizers.  Raftery et al. (2010) compared the performance of the UAD 
with radiant system to the VAV and normal UAD systems, by implementing the 
Energy Plus model. The model was developed on a real case building, with a total 
floor area of 5576 m2 and aspect ratio of 1.5. The results imply that the UAD with 
radiant system performs well when compared to more typical systems. The UAD 
with radiant case shows HVAC savings of 22-23% and 21-22% against the VAV 
and normal UAD systems during the peak cooling months from June to August. 
Therefore, the normal UAD system did not show much energy saving potential 
compared to the VAV system, saving 3% against the VAV system. The electricity 
consumed in operation stage for the UAD system can be assumed as 45.7 kg 
CO2/m2 per year. 
 
5.4.4 Carbon emissions in demolition phase 
 
The conventional demolition and decommissioning process often results in landfill 
disposal of the majority of materials (Cochran and Townsend, 2010). However, 
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some demolition contractors prefer to separate the disposal waste by different 
sources. Current demolition practices involving market price and contractors 
chosen, is at customer demand (Blengini, 2009). This study only evaluated the 
HVAC system decommissioning burdens. All the HVAC products (including steel 
ducts and pipes, duct iron pipes, copper tubes and wire, brass, HVAC equipment, 
and valves) are mostly made of iron, copper and aluminium. It assumes that all 
these metals can be regarded as recycling materials. Demolition data for the 
deconstruction of HVAC systems were not available, and the investigation of the 
equipment consumption was not attempted in this research. The total carbon 
emissions in the demolition stage accounted for the transportation distances of 
demolition materials, depending on shipment to recyclers. All of the demolition 
energy is assumed as a diesel fuel source. The average distance used, based on the 
Southern Cross Metal Recyclers, is 9.6 km for recycling materials. According to 
Formula (5-4), the demolition carbon emissions for three HVAC systems can 
therefore be obtained, being 7.72*10-3 kg CO2/m2 for the VAV system, 0.0153 kg 
CO2/m2 for the chilled beam system, and 3.63*10-3 kg CO2/m2 for the UAD system 
respectively. 
5.5 Summary  
 
In this chapter, the carbon emissions in the manufacture, construction, operation, 
and demolition stages have been evaluated. The embodied energy of three HVAC 
systems is illustrated in Table 5-3, Table 5-4, and Table 5-5. The carbon emissions 
for construction are 1.596 kg CO2/m2 for the VAV system, 3.174 kg CO2/m2 for the 
chilled beam system, and 2.694 kg CO2/m2 for the UAD system. For the operation 
stage, the chilled beam system has good energy saving potential in the electricity 
energy consumption and it accounts for 32.9 kg CO2/m2 per year.  In comparison, 
the operation carbon dioxide emission for the VAV system is 47 kg CO2/m2 per 
year while the UAD system consumes 45.7 kg CO2/m2 per year. The demolition 
carbon emissions for the three HVAC systems are 7.72*10-3 kg CO2/m2 for the 
VAV system, 0.0153 kg CO2/m2 for the chilled beam system, and 3.63*10-3 kg 
CO2/m2 for the UAD system respectively. 
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The data for the initial carbon consumptions are called “basic carbon emissions” in 
life cycle terms. Chapter 6 will present a model to show the dynamic relationships 
during the maintenance stage and compare the total life cycle carbon emissions of 
the three HVAC systems.  
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Table 5-3 Embodied carbon of VAV systems  
System Equipments Materials     
Amount 
Total 
Embodied 
Carbon-kgCO2 
Process 
CO2 (kg) 
Delivery 
CO2 (kg) 
VAV Screw chillers  Iron  Copper   1    
 Size  540 kW 1761 kg 1251 kg   8154.80 1611.60 123.49 
 Air handling unit  Iron Copper Aluminium 13   
 Size  77.22 kW 501.17 kg 94.6 kg 16.53 kg  19624.80 10920.00 326.30 
 Air outlet  Iron   273    
 Size  200*200 mm 3.58 kg    1856.40 81.90 54.60 
 Cooling tower (Square) Iron Copper PVC 1    
 Size  200 RT 853 kg 22 kg 472 kg  2893.50 500.00 55.23 
 Duct system Galvanized steel   60400.86kg 170330.43 6040.00 24160.34 
 
Fitting (including elbows, tees, 
transitions, diffusers, dampers) Galvanized steel 9897.86 kg 27219.12 989.70 3959.14 
 Hangers   Iron   289.38 kg 552.72 28.94 115.75 
Total              230631.77 20172.14 28794.85 
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Table 5-4 Embodied carbon of chilled beam systems  
System Equipments Materials     
Amount 
Total 
Embodied Carbon-
kgCO2 
Process 
CO2 (kg) 
Delivery 
CO2 (kg) 
Chilled 
beam Screw chillers  Iron  Copper   1 EA    
 Size  540 kW 1761 kg 1251 kg  8154.80 1611.60 123.49 
 Air handling unit  Iron Copper Aluminum 13 EA   
 Size  77.22 kW 501.17 kg 94.6 kg 16.53 kg 19624.80 10920.00 326.30 
 
Cooling tower 
(Square) Iron Copper PVC 1 EA    
 Size  200 RT 853 kg 22 kg 472 kg 2893.50 500.00 55.23 
 Chilled Beam Iron  Copper   221 EA    
 Size  20 RT 118.38 kg 22.4 kg  68929.42 106212.6 3801.2 
 
Galvanized steel 
pipe  Iron    62987 kg 120305.17 30685.97 3230.1 
 Duct system Galvanized steel       51158.25 kg 144266.27 5115.8 20463.3 
 Balance valve  Iron   9074.52 kg 17332.33 907.4 3629.81 
Total             381506.29 155953.37 31629.43 
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Table 5-5 Embodied carbon of UAD systems 
System Equipments Materials     
Amount 
Total 
Embodied Carbon-
kgCO2 
Process 
CO2 (kg) 
Delivery CO2 
(kg) 
UAD Screw chillers  Iron  Copper  1 EA   
 Size  540 KW 1761KG 1251KG 8154.80 1611.60 123.49 
 Air handling unit  Iron Copper Aluminum 13 EA  
 Size  77.22 KW 501.17KG 94.6KG 16.53KG 19624.80 10920.00 326.30 
 Cooling tower (Square) Iron Copper PVC 1 EA   
 Size  200RT 853KG 22KG 472 kg 2893.50 500.00 55.23 
 Grille   Copper PVC 1690 EA   
 Size  8 m/m 14 m/m 4.64 kg 2.32 kg 39482.46 219.96 16.9 
 Micro Control Set Iron  169 EA   
 Size  t=1.5 mm 11.78 kg  3802.446 969.89 84.5 
 Thermostat Iron 2.75 kg 169 EA 887.67 228.89 23.83 
 Sensor  Iron 2.75 kg 169 EA 887.67 228.89 23.83 
 Fan Control Board Iron 12.1 kg 169 EA 3905.76 996.23 104.87 
 Air-diffusion panel Iron  520 EA   
 Size  600*600 mm       7.9 kg  7846.28 2001.33 210.67 
 Air outlet  Iron  520 EA   
 Size  200*200 mm  3.58 kg  3555.66 156 104 
 Duct system Galvanized steel  4183.4 kg   
 Size  200*200 mm   11797.19 418.3 1673.36 
 Access floor system Iron  288.99 kg   
 Size  300 mm 22.23 kg    551.97 140.79 14.82 
Total             103390.21 18391.88 2761.80 
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CHAPTER 6  
INTEGRATION OF SD MODELS AND LCA FOR 
EVALUATING LIFE CYCLE CARBON IN HVAC 
SYSTEMS 
6.1 Introduction  
 
During the operation stage, the energy consumption is determined by the 
performance efficiency which declines over time, resulting in an increase of 
thermal load and energy consumption to meet the tenants’ demands. The change of 
system performance efficiency will call for an investigation of maintenance and 
renewal work in order to improve the performance of HVAC systems. However, 
this maintenance and renewal work will create carbon emissions due to the energy 
consumption in system installation and the embodied energy in the materials. In 
this study, a SD model is used as a combined qualitative and quantitative method to 
integrate the complex factors and understand the behaviour of interrelationships 
among the factors over time, from a carbon emission perspective. 
 
6.2 Maintenance and renewal  
Maintenance and renewal occur periodically over the life of HVAC systems and 
are assumed to involve replacing less than 100% of a HVAC product. Maintenance 
and renewal can be categorised into two types as follows (Cole and Kernan, 1996): 
• Maintenance incurred during a completed life cycle of a HVAC 
product. For a HVAC product which completes its life cycle, the 
number of maintenance or repairs required is the product life 
divided by repair interval corrected for the possibility of forgone 
repairs near the end of the product’s life.  
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• Renewal incurred during the incomplete life cycle of a product due 
to the expiration of the HVAC. The renewal rates will depend on 
the service life of the HVAC system. 
 
In HVAC systems, maintenance involves visual inspections, optimal proposals and 
sensible correction (Aherne, 2009), which do not contribute to carbon emissions 
during the maintenance and renewal phase. Energy consumption is mainly due to 
replacement, which may be as a result of functional reasons at the end of a 
product’s service life or another associated element in an assembly. An HVAC 
system’s service life can be defined as the time during which a particular system or 
component remains in its original service application. The service life of HVAC 
products and materials may not be equal to the service life of the building itself 
(Aherne, 2009). The service life varies depending on the type of HVAC product. 
For example, the duct and terminal units, e.g. chilled beams and air outlets, are 
replaced, refurbished and maintained more frequently than chillers and air handling 
units which comprise the majority of the embodied energy. It is useful to 
distinguish replacement rates in all parts of HVAC systems. Table 6-1 provides a 
list of likely service lives for HVAC equipment. A range of years is given for each 
item in Table 6-1 due to possible variation of ranges of factors that will impact on 
the service life (Aherne, 2009).  
 
6.2.1 Replacement factor and replacement time 
 
The lifespan of residential buildings in Australia generally falls between 40 and 50 
years (Cole and Kernan, 1996). It is assumed that the building life span used for 
this analysis is 50 years. The replacement factor presented in Formula (6-1) is 
given by the building life divided by the product life corrected for the possibility 
that the replacement occurs near the end of the building life. The number of times 
an HVAC product is replaced is defined as the replacement time (Formula 6-2). It 
is determined by the replacement factor minus one. An example is as follows. A 
chilled beam is assumed to have a life span of 20 years, according to Table 6-1.  
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Then calculation based on Formula 6-2 indicates that the chilled beam system may 
be exchanged (50/20)-1=1.5 times.  
Replacement factor = 
productsormaterialsHVACoflifespanaverage
buildingaoflifespan            6-1 
Replacement time = 1−
productsormaterialsHVACoflifespanaverage
buildingaoflifespan         6-2 
 
6.2.2 Extra carbon emissions  
 
The life cycle carbon emissions analysis must account for the changes associated 
with HVAC up-keep and improvements. The energy due to the replacement work 
is defined as extra carbon emissions, which are subdivided in three parts: 
• Extra embodied energy consumed in extra HVAC products: energy used 
in extraction of extra raw materials; refinement of the extra raw 
materials to engineered products; delivery consumption of extra HVAC 
products from manufacture site to construction site. 
• Electricity consumed by equipment for the installation of extra HVAC 
products. 
• Final energy used for delivering extra demolition materials and products 
to recyclers or landfills.  
 
The total extra carbon emissions outlined above can be calculated by Formula 6-3. 
extraE = ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −∑
=
1**
1 iproductHVACoflifespanaverage
buildingaoflifespanQm i
n
i
i                            6-3 
Where, extraE  is defined as the total extra carbon emissions of extra HVAC          
products; 
             n is the number of the replacement of materials and products; 
             i  is the materials concerned; 
             im  is the amount of the HVAC products and materials (kg); 
Chapter 6: Integration of SD Model and LCA for Evaluating Life Cycle Carbon in HVAC 
Systems 
Page 96 
 
             iQ  is the sum of basic carbon in manufacture, construction and demolition 
phases in  kg CO2-e. 
     
According to Formula 6-3, the extra carbon emissions in the maintenance stage of a 
VAV, a chilled beam, and an UAD air conditioning system are illustrated in Table 
6-2, Table 6-3 and Table 6-4, respectively. 
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Table 6-1  Service life of HVAC equipment (Aherne, 2009) 
Equipment 
 Service life of 
equipment 
Air conditioning unit - Room type 7-10 
Air conditioning unit - Split units (up to 10 kW) 7-10 
Air conditioning unit - Package (10 kW-100kW) 10-15 
Air conditioning unit - Split units (10 kW-100kW) 10-15 
Air handling unit - proprietary line central station 
single or multiple zone 20-25 
Air handling unit – custom-built central station 20-30 
Air filters - dry media disposable 0.5-1.5 
Air filters - HEPA 2-5 
Air filters- kitchen hood grease filters 3-6 
Automatic controls and instrumentation 20-25 
Boilers - fire tube 15-20 
Boilers - water tube 25-30 
Boilers - cast iron 25-30 
Boilers - finned copper tube heat exchanger 20-25 
Boilers - electrode 15-20 
Chilled beams 20-25 
Coils - cooling and heating 20-25 
Cooling towers 20-30 
Ductwork and fittings 20-30 
Damper actuators (VAV controllers) 20-30 
Electric motors 20-25 
Electric storage heaters 20-25 
Electric strip heaters 8-12 
Electrical final circuits and outlets 20-25 
Electrical switchgear and distribution equipment 25-30 
Electrical mains cables 25-30 
Evaporative air coolers 10-20 
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(Continued) 
Equipment 
 Service life of 
equipment 
Fans  15-20 
Gas convection heater 15-20 
Generators 15-20 
Heat exchangers 20-25 
Humidifiers 10-15 
Pipe work and valves 20-25 
Pumps 20-25 
Radiators-Hot water 20-25 
Refrigeration chillers-Absorption 20-30 
Refrigeration chillers-Centrifugal 20-25 
Refrigeration chillers-Reciprocating 15-25 
Refrigeration chillers-Screw/Scroll 20-25 
Tanks 20-30 
Variable air volume-Terminal units 15-25 
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Table 6-2 Extra carbon emissions of VAV system in maintenance stages 
System Equipment 
Basic Manufacture 
Carbon CO2 
(kg)/m2 
Basic Construction 
Carbon CO2 
(kg)/m2 
Basic Demolition 
Carbon CO2 
(kg)/m2 
Replace 
time 
Extra CO2 
(kg)/m2 
Extra 
total 
CO2 
(kg)/m2 
VAV Screw chillers 0.689 0.055 1 0.752
 Air handling unit 2.153 0.172 0.6 1.400
 Air outlet 0.139 0.011 1 0.158
 Cooling tower 0.241 0.019 1 0.268
 Duct system 13.986 1.119 0.6 9.068
 
Fitting (including 
elbows, tees, 
transitions, diffusers, 
dampers) 2.244 0.180 0.6 1.459
 Hangers 0.049 0.004 
0.0077 
0.6 0.036
13.140 
 
 
 
 
 
 
 
Chapter 6: Integration of SD Model and LCA for Evaluating Life Cycle Carbon in HVAC Systems 
Page 100 
 
 
 
 
 
 
Table 6-3 Extra carbon emissions of chilled beam system in maintenance stages 
System Equipment 
Basic Manufacture 
Carbon CO2 
(kg)/m2 
Basic Construction 
Carbon CO2 
(kg)/m2 
Basic Demolition 
Carbon CO2 
(kg)/m2 
Replace 
time 
Extra CO2 
(kg)/m2 
Extra 
total CO2 
(kg)/m2 
Chilled 
beam Screw chillers 0.689 0.055 1 0.759
 Air handling unit 2.153 0.172 0.6 1.404
 Cooling tower 0.241 0.019 1 0.276
 Chilled beam 12.481 0.998 1 13.495
 Galvanized steel pipe 10.756 0.860 1 11.632
 Duct system 11.846 0.948 0.6 7.685
 Balance valve 1.525 0.122 
0.0153 
1 1.662
36.914 
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Table 6-4 Extra carbon emissions of UAD system in maintenance stages 
 
System Equipment 
Basic Manufacture 
Carbon CO2 
(kg)/m2 
Basic Construction 
Carbon CO2 
(kg)/m2 
Basic Demolition 
Carbon CO2 
(kg)/m2 
Replace 
time 
Extra CO2 
(kg)/m2 
Extra total 
CO2 
(kg)/m2 
UAD Screw chillers 0.689 0.055 1 0.748
 Air handling unit 2.153 0.172 0.6 1.397
 Cooling tower 0.241 0.019 1 0.264
 Grille 2.770 0.222 0.6 1.797
 Micro Control Set 0.339 0.027 1 0.370
 Thermostat 0.080 0.006 1.5 0.135
 Sensor 0.080 0.006 1.5 0.135
 Fan Control Board 0.349 0.028 1.5 0.571
 Air diffusion panel 0.702 0.056 1 0.762
 Air outlet 0.266 0.021 1 0.291
 Duct system 0.969 0.078 0.6 0.630
 Access floor system 0.049 0.004 
0.00363 
0.6 0.034
7.134 
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6.3 SD models  
 
The maintenance and replacement of a HVAC system is a good example of a 
dynamic systems problem. It embodies several delays, feedbacks, nonlinearities 
and uncertainties in its dynamically complex structure. Therefore, the need for and 
the usefulness of descriptive and simple models explaining these dynamic 
complexities are undisputed. The aim of this section is to construct a dynamic 
simulation model in conventional life cycle assessment. The model integrates 
several components of the life cycle carbon emissions. It includes the basic carbon, 
extra carbon, as well as the replacement time affecting carbon exchange during 
maintenance stage. The model aims at enabling the users to improve their 
understanding of the dynamics carbon change and to predict the carbon emissions 
during the service life of a HVAC system. 
 
The systems thinking tool, iThink, by high Performance Systems Inc. is used here 
to make a SD model and simulate it. iThink is the software which executes the 
simulation model coded by visual programming based on SD for the personal 
computer. 
 
6.3.1 Combining factors of carbon emissions in maintenance and 
renewal phases 
 
The carbon emissions in the maintenance and renewal stages can be considered as a 
problem with both linear and log linear formulation as a weighted sum of various 
inputs. The total inputs include “basic carbon manufacture”, “basic carbon 
construction”, “basic carbon demolition”, “extra carbon manufacture”, “extra 
carbon construction”, “extra carbon demolition” and “replace time”. 
 
 The terms starting with “basic” indicate prior energy consumed in the life cycle of 
the HVAC system, before maintenance and renewal occurs. The energy and carbon 
emissions are referred to as previous energy consumption at the earlier period 
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during the beginning of the HVAC life cycle. These energy and carbon emissions 
are outlined as “basic carbon manufacture”, “basic carbon construction” and 
“basic carbon demolition”. The concepts described with “extra” denote that the 
maintenance and renewal work will call for an investigation of extra products. 
These products will result in increased environmental burdens in the manufacture, 
construction and demolition phases respectively. These energy and carbon 
emissions are presented as “extra carbon manufacture”, “extra carbon 
construction”, and “extra carbon demolition”. 
 
Linear formulations are illustrated in Figure 6.1-a, b, c, and g. The impact of inputs 
never saturates since as “basic embodied carbon manufacture” rises, the impact of 
“basic carbon manufacture” is likely to saturate. The effects of different inputs are 
strongly separable. High “basic process carbon manufacture” could generate large 
“basic carbon manufacture” even if “basic delivery carbon manufacture” is zero 
and delay is infinite.  
 
Log linear formations are illustrated in Figure 6.1-d, e, and f. The effects of 
different inputs are not strongly separable. The effects of inputs are multiplicative, 
while the impacts of inputs do not saturate.  
 
Basic Embodied 
Carbon Manuf acture
Basic Process Carbon Manuf acture
Basic Deliv ery  
Carbon Manuf acture
Basic Carbon Manuf acture
 
Figure 6.1-a Basic carbon manufacture 
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The “basic carbon manufacture” indicates the prior embodied energy consumed in 
the manufacture stage at the beginning of the life cycle of HVAC systems. 
Therefore, according to Figure 6.1-a, basic carbon in the manufacture stage is 
integrated by the basic initial embodied carbon, the basic process carbon and the 
basic delivery carbon in the previous manufacture stage. The equation compiled by 
iThink software is as follows:  
Basic_Carbon_Manufacture=Basic_Initial_Embodied_Carbon_Manufacture+Basic
_Process_Carbon_Manufacture+Basic_Delivery_Carbon_Manufacture 
 
 
Basic Carbon Construction
Basic Equipment 
Carbon Construction
Figure 6.1-b Basic carbon construction 
 
The “basic carbon manufacture” in Figure 6.1-b presents the prior energy 
consumed in the construction stage and it is only influenced by basic electricity 
consumption due to the equipment used for the installation of HVAC products in 
the previous construction stage. The equation compiled by iThink software is as 
follows:  
Basic_Carbon_Construction= Basic_Equipment_Carbon_Construction 
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Basic Carbon Demolition
Basic Deliv ery  Carbon Demolition  
Figure 6.1-c Basic carbon demolition 
 
Similarly, “basic carbon demolition” in Figure 6.1-c is affected by the basic carbon 
emissions for delivering the HVAC for waste disposal. The equation compiled by 
iThink software is as follows:  
Basic_Carbon_Demolition=Basic_Delivery_Carbon_Demolition 
 
 
Replace Time
Extra Carbon Manuf acture
Basic Carbon Manuf acture  
Figure 6.1-d Extra carbon manufacture 
 
After maintenance and renewal occur over the life cycle of an HVAC system, the 
increased carbon emissions in the manufacture phase is given by the basic carbon 
consumption multiplied by the number of times replacement happens. The “extra 
carbon manufacture” is defined as “basic carbon manufacture” multiplied by the 
“replace time”. It can be expressed by the iThink software language as follows:  
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Extra_Carbon_Manufacture = Basic_Carbon_Manufacture*Replace_Time 
 
 
Extra Carbon Construction
Replace Time
Basic Carbon Construction  
Figure 6.1-e Extra carbon construction 
 
Extra Carbon Demolition
Basic Carbon Demolition
Replace Time
 
Figure 6.1-f Extra carbon demolition 
 
As with the method for calculating the “extra carbon manufacture”, “the extra 
carbon construction” can be determined by “basic carbon construction” multiplied 
by the “replace time”. Furthermore, the “extra carbon demolition” can be 
calculated by “basic carbon demolition” multiplied by the “replace time”.  
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The respective equations produced by iThink software are as follows:  
Extra_Carbon_Construction = Basic_Carbon_Construction*Replace_Time 
Extra_Carbon_Demolition = Basic_Carbon_Demolition*Replace_Time 
 
 
Cabon Emissions in 
Maintenance and Renewal
Extra Carbon Demolition
Extra Carbon ConstructionExtra Carbon Manuf acture
 
Figure 6.1-g Carbon emission in maintenance and renewal 
 
The carbon emissions in the maintenance and renewal stage are constituted by three 
major parts e.g. embodied carbon for the production of extra HVAC products, 
electricity consumption for the installation of extra HVAC products, and the 
transportation of the demolition to waste and recycling. Consequently, the carbon 
emission in this stage is the summation of the extra carbon burdens produced in the 
manufacture, construction and demolition phases.  
 
The equation compiled by iThink software is as follows:  
Cabon_Emissions_in_Maintenance_and_Renewal=Extra_Carbon_Manufacture+E
xtra_Carbon_Construction+Extra_Carbon_Demolition 
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Cabon Emissions in 
Maintenance and Renewal
Extra Carbon Demolition
Basic Embodied 
Carbon Manuf acture
Basic Process Carbon Manuf acture
Basic Deliv ery  
Carbon Manuf acture
Extra Carbon Construction
Basic Carbon Demolition
Replace Time
Basic Carbon Manuf acture
Basic Carbon Construction
Extra Carbon Manuf acture
Basic Equipment 
Carbon Construction Basic Deliv ery  Carbon Demolition
Carbon Emissions in Maintenance and Renewal Stage
 
Figure 6.2 Combining factors of carbon emissions in maintenance and renewal 
stage  
 
Figure 6.2 shows the comprehensive relationships among all the elements affecting 
carbon emission in the maintenance and renewal stage. It is a combination of 
Figure 6.1-a. to Figure 6.1-g. Different causal linkages exists between the four life 
cycle phases. The model reveals that “basic carbon” is a constant item, occurring 
only at the beginning of the manufacture, construction and demolition phases. The 
“extra carbon” is a variable item, which varies by time.  The extra carbon burdens 
correspond to the number of times that replacement work occurs in the life cycle of 
HVAC products. Furthermore, as shown in Figure 6.2, if the number of times of 
Chapter 6: Integration of SD Model and LCA for Evaluating Life Cycle Carbon in HVAC 
Systems 
Page 109 
 
replacement works increases, extra carbon burdens in manufacture, construction 
and demolition will increase the carbon emissions during the maintenance and 
renewal stages. 
6.3.2 Flow diagram of life cycle carbon emissions  
 
A flow diagram is useful for showing the physical and information flows in the SD 
model. Intricacies of the mutually interacting processes are delineated in the flow 
diagram. The level variables are shown as rectangular boxes which represent 
accumulated flows to that level. A double arrow represents the physical flows and 
the flow in controlled by a flow rate. A single arrow shows information flow. The 
source of the structure is represented by a cloud. The cloud symbol indicates 
infinity and marks the boundary of the model (Anand et al., 2006). 
 
Once the simulation is over, at the end of each step, system variables are brought 
up to date to represent the results from the previous simulation step. The rate 
variables are represented by valves. The information from the level variables to the 
rate variable is transformed by a third variable called the auxiliary variable, 
represented by circles. Figure 6.3 illustrates the comprehensive elements affecting 
the total life cycle carbon emissions, and also interprets the complex relationships 
among these elements. Life cycle carbon comprises four major parts, described as 
manufacture carbon, construction carbon, demolition carbon, and running carbon. 
Running carbon is defined as the life cycle carbon emissions in the operation and 
maintenance stage, and it is considered a level variable. The inflows are the energy 
used in operation and maintenance and the outflows are the carbon saving. Hence, 
running carbon is the difference between inflows and outflows, which is 
cumulative over time. Parameters related to life cycle carbon also include service 
life, carbon saving rate, and floor area. The specifications of these values are listed 
in Table 6-5. The circle symbols indicate information items, which are considered 
as the inputs for information flows. The information items presented in Figure 6.3 
are basic manufacture, basic construction, basic demolition, average operation and 
maintenance rate. The average operation is annual electricity consumption in the 
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operation stage, expressed by equivalent carbon emission per average square meter. 
Thus, the operation carbon is given by average carbon × floor area ×building life. 
The maintenance rate is an average annual growth rate of carbon emissions and 
energy consumption for replacement work load. It is represented by equivalent 
annual carbon emission per average square meter. Table 6-6 lists the values of the 
different information items described above. 
The total life cycle carbon is the summation of basic manufacture carbon, basic 
construction carbon, basic demolition carbon and running carbon. 
 
Operation Carbon
Running Carbon
Maintnenance Carbon Carbon Sav ing Rate
Carbon Sav ing
Lif e Cy cle Carbon
Basic Demolition CarbonBasic Manuf acture Carbon
Basic Construction Carbon
Basic Running Carbon
Av erage Carbon
Floor Area
Building Lif e
Extra Carbon Rate
Lif e cy cle carbon emissions
 
Figure 6.3 Flow diagrams of life cycle carbon emissions 
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Table 6-5 Parameters of life cycle carbon  
Parameter Value 
Service life 50 years
Carbon saving rate  0
Floor area 14337.57 m2
 
 
 
Table 6-6 Inputs of life cycle dynamics model 
Carbon emissions  CO2 (kg)/m2 
life cycle process 
VAV systems Chilled beam systems UAD systems 
Basic manufacture 19.501 39.691 8.687
Basic construction 1.596 3.174 0.694
Average operation 47 per year 32.9 per year 45.7 per year
Basic demolition  0.00772 0.0153 0.00363
Maintenance rate 0.263 per year 0.738 per year 0.143 per year
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The equations for calculations of life cycle carbon emissions of three HVAC 
systems were compiled by iThink software, and are displayed as follows: 
 
The following equations are for life cycle carbon evaluation in VAV systems: 
 
Running_Carbon (t) = Running_Carbon (t - dt) + (Operation_Carbon + 
Maintnenance_Carbon - Carbon_Saving) * dt 
Initial Running_Carbon = 0 
INFLOWS: 
Operation_Carbon = Average_Carbon*Building_Life*Floor_Area 
Maintnenance_Carbon = Extra_carbon_rate*Building_Life 
OUTFLOWS: 
Carbon_Saving = Basic_Running_Carbon*Carbon_Saving_Rate 
Average_Carbon = 47 
Basic_Running_Carbon = 
Manufacture_Carbon+Construction_Carbon+Demolition_Carbon 
Building_Life = 50 
Carbon_Saving_Rate = 0 
Manufacture_Carbon=19.501 
Construction_Carbon = 1.596 
Demolition_Carbon = 0.00772 
Extra_Carbon_Rate = 0.263 
Floor_Area = 14337.57 
Life_Cycle_Carbon=Running_Carbon+Construction_Carbon+Demolition_Carbon
+Manufacture_Carbon 
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The follwing equations are for life cycle carbon evaluation in chilled beam systems: 
 
 
Running_Carbon (t) = Running_Carbon (t - dt) + (Operation_Carbon + 
Maintnenance_Carbon - Carbon_Saving) * dt 
Initial Running_Carbon = 0 
INFLOWS: 
Operation_Carbon = Average_Carbon*Building_Life*Floor_Area 
Maintnenance_Carbon = Extra_carbon_rate*Building_Life 
OUTFLOWS: 
Carbon_Saving = Basic_Running_Carbon*Carbon_Saving_Rate 
Average_Carbon = 49.9 
Basic_Running_Carbon = 
Manufacture_Carbon+Construction_Carbon+Demolition_Carbon 
Building_Life = 50 
Carbon_Saving_Rate = 0 
Manufacture_Carbon=39.691 
Construction_Carbon = 3.174 
Demolition_Carbon = 0.00153 
Extra_Carbon_Rate = 0.738 
Floor_Area = 14337.57 
Life_Cycle_Carbon = 
Running_Carbon+Construction_Carbon+Demolition_Carbon+Manufacture_Carbo
n 
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The following equations are for life cycle carbon evaluation in UAD systems: 
 
 
Running_Carbon (t) = Running_Carbon (t - dt) + (Operation_Carbon + 
Maintnenance_Carbon - Carbon_Saving) * dt 
Initial Running_Carbon = 0 
INFLOWS: 
Operation_Carbon = Average_Carbon*Building_Life*Floor_Area 
Maintnenance_Carbon = Extra_carbon_rate*Building_Life 
OUTFLOWS: 
Carbon_Saving = Basic_Running_Carbon*Carbon_Saving_Rate 
Average_Carbon = 52 
Basic_Running_Carbon = 
Manufacture_Carbon+Construction_Carbon+Demolition_Carbon 
Building_Life = 50 
Carbon_Saving_Rate = 0 
Manufacture_Carbon=8.687 
Construction_Carbon = 0.694 
Demolition_Carbon = 0.00363 
Extra_Carbon_Rate = 0.143 
Floor_Area = 14337.57 
Life_Cycle_Carbon = 
Running_Carbon+Construction_Carbon+Demolition_Carbon+Manufacture_Carbo
n 
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6.4 Discussion of results 
6.4.1 Carbon emissions in manufacture stage 
 
First, the different participation of the HVAC materials and products are analysed. 
Participation was established as carbon emission per usable floor area in Table 6-2, 
Table 6-3 and Table 6-4. From the results obtained it can be seen that, on the whole, 
the different group products have similar participation in the three cases analysed. 
It can also be observed that the products that contribute most to the carbon 
emissions are duct work, with a participation of over 50% to the total mass, 
followed by chilled beams and grilles. On the other hand, other products differ 
significantly in the three cases: galvanized pipes, air outlets, and fittings.  
 
Figure 6.4 presents the amount of HVAC systems used per usable floor area for the 
seventeen most important products. The different participation in the total mass of 
the products involved in each system can be observed. In the cases analysed, it can 
be seen that 50% of the total mass is determined by the galvanized steel sheet 
making up the structure of the duct systems in VAV air conditioning and chilled 
beam air conditioning. The consumption per usable floor area is 11.88 kg CO2/m2 
and 10.06 kg CO2/m2 respectively. Chilled beams rank second with energy 
consumed being 4.8 kg CO2/m2. The components fan control board, air diffusion 
panel and access floor constitute a very low percentage only in the UAD system, 
due to the specificity of UAD air conditioning. According to this study, the amount 
of HVAC systems used per usable floor area 0.349 kg CO2/m2 of fan control board, 
0.702 kg CO2/m2 of air diffusion panel, and 0.049 kg CO2/m2 of access floor. 
 
 
The quantities of energy used for processing the raw materials to engineered 
products are displayed in Figure 6.5. The results show that the energy use in 
processing chilled beams is 7.41 kg CO2/m2, which is much higher than any other 
products. The next item is galvanized steel pipe, which can be considered as the 
second top highest in terms of carbon emissions in processing work. This figure 
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may be a consequence of the chilled beam system consuming much more energy to 
refining the raw material into finished products than the other two HVAC systems.  
 
Further analysis of energy demand in transportation in the manufacture stage of 
different HVAC products may be helpful to facilitate full understanding of the 
embodied energy use in the HVAC systems in commercial buildings in Australia 
(Figure 6.6). The energy used in transporting duct works makes up a significant 
part of the total delivery energy consumption for the three HVAC systems. It 
accounts for 1.7 kg CO2/m2 of VAV delivery consumption, 1.42 kg CO2/m2 of 
chilled beam delivery consumption and 0.17 kg CO2/m2 of UAD delivery 
consumption. It is worth noting that duct work consumes most energy in raw 
materials extraction and primary transportation, but the energy used in the 
refinement of raw materials into engineered products is quite low. 
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Figure 6.4 Materials and products consumption per usable floor area (kg CO2/m2) 
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Figure 6.5 HVAC products processing energy use per usable floor area (kg CO2/m2) 
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Figure 6.6 HVAC products delivery energy use per usable floor area (kg CO2/m2) 
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6.4.2 Comparison of carbon emissions among VAV systems, chilled beam 
systems, and UAD systems. 
 
In Figure 6.7-(a) to Figure 6.7-(d), the comparisons of basic carbon emissions of 
VAV systems, chilled beam systems, and UAD systems are illustrated. Analysis 
has been conducted to reveal the varying impact of environmental burdens at 
different life cycle phases. The total carbon emission during the manufacture stage 
shown in Figure 6.7-(a) is 19.501 kg CO2/m2 in the case of VAV systems; 39.691 
kg CO2/m2 in the case of chilled beam systems; and 8.687 kg CO2/m2 in the case of 
UAD systems. In all three cases, between 67% and 85% of this energy is due to the 
materials’ embodied carbon. Processing and delivery are responsible for the rest of 
the energy. The energy used in chilled beam systems ranks the largest of the three 
systems. It is approximately twice as much as that in VAV systems, and three times 
as much as that in UAD systems. The reason for this is that the chilled beam 
system is an air and water system, which contains both water pipes and air ducts. 
The two physical systems combined will increase the initial carbon cost of chilled 
beam systems.  
 
In regard to carbon emission during the construction phase shown in Figure 6.7-(b), 
the values obtained are 1.596 kg CO2/m2 in the case of VAV systems, 3.174 kg 
CO2/m2 in the case of chilled beam systems, and 0.694 kg CO2/m2 in the case of 
UAD systems. It can be seen that results in the three HVAC systems are quite 
different. Between 85 % and 92% of these values are due to fuel combustion in 
transportation.  
 
A comparison with electricity consumption values of the three HVAC systems 
presented in Figure 6.7-(c) does not exhibit significant differences. The data of the 
carbon emissions for operation stage in 6.7-(c) is plotted per year. The average 
carbon emissions per year for the VAV system, the chilled beam system, and the 
UAD system is 47 kg CO2/m2, 32.9 kg CO2/m2, and 45.7 kg CO2/m2 respectively.  
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Figure 6.7 Comparisons of carbon emissions for VAV systems, chilled beam 
systems, and UAD systems. 
 
The results obtained in energy use in this phase correspond to the energy 
consumption from the transport vehicles. The results obtained in the case of VAV 
systems are 0.0772 kg CO2/m2, compared with 0.0153 kg CO2/m2 for chilled beam 
Chapter 6: Integration of System Dynamics Models and Life Cycle Assessment for 
Evaluating Life Cycle Carbon in HVAC Systems 
Page 122 
 
systems and 0.00363 kg CO2/m2 for UAD systems. This result is greatly dependent 
on the distance to the closest recycler. 
6.4.3 The application of SD model for forecasting carbon emissions over 
HVAC systems’ service life   
 
The overall LCA of the indicators studied throughout the life cycle was analysed 
using SD models. Confidence in the SD model for the system under study was 
established through its validation on the basis of the data utilized. The maintenance 
rate is 0.263 kg CO2/m2 per year in VAV systems, 0.738 kg CO2/m2 in chilled 
beam systems and 0.143 kg CO2/m2 in UAD systems. The model predicted all 
these scenarios over the fifty years. 
 
Figure 6.8, Figure 6.9 and Figure 6.10 forecast the life cycle carbon emissions of 
VAV, chilled beam and UAD systems over 50 years. The total HVAC life cycle is 
considered in four phases, taking into account renewal and replacement during the 
HVAC’s maintenance stage. It can be seen that the chilled beam system has much 
more energy saving potential than the other two air conditioning systems. From the 
results displayed in the above figures, a comparison of the three case HVAC 
systems demonstrates that the chilled beams system has the lowest life cycle 
carbon emissions. Table 6-6 indicates that chilled beam systems carry the highest 
initial carbon cost in preliminary energy consumption, but the annual operation rate 
of the system is lower than the other two systems. The total life cycle carbon 
emissions at the end of service life were developed in the SD models. The results 
show that the chilled beam system has an enormous energy saving potential over 
the total life cycle. It is concluded that energy use in the operation phase is one of 
the greatest impacts in the life cycle analysis of an HVAC system throughout its 
service life. The SD models are able to forecast and predict the life carbon 
emissions in each year during the service life. For example, when the service age is 
25, the life cycle carbon emissions for the VAV system is 0.8e+009 kg CO2/m2, 
while the life cycle carbon emissions for the chilled beam and UAD systems are 
0.6e+009 kg CO2/m2 and 0.75e+009 kg CO2/m2 respectively. 
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Figure 6.8 Carbon stock elapsed year curves in VAV systems 
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Figure 6.9 Carbon stock elapsed year curves in chilled beam systems 
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Figure 6.10 Carbon stock elapsed year curves in UAD systems 
 
6.4.4 Analysis of life cycle energy uses in different categories 
 
A breakdown of energy uses in different categories for the three HVAC systems is 
given in Figure 6.11, Figure 6.12 and Figure 6.13. From these figures it can be seen 
that the percentages of energy use are similar in these three cases. The operation 
phase is responsible for the greatest environmental impact of the whole life cycle in 
terms of emissions. It is observed that the carbon emissions from the operation 
represent between 29% and 73% of total life cycle consumption. The largest 
proportion of the energy is used for electricity consumption in the operation stage. 
It occupies 57% and 73% in the total life cycle carbon burdens of the VAV and 
UAD systems. Manufacture ranks second in the overall life cycle. For VAV, 
chilled beam and UAD systems, the manufacture carbon represents 30%, 24% and 
13% respectively. These figures serve to remind us to realise the significant 
potential of embodied energy savings by recycling and reusing waste HVAC 
products and materials calls for novel design concepts and innovative technologies. 
Maintenance work also occupies a high percentage, which is due to the 
replacement times changing in the service life. Improvement strategies to enhance 
HVAC working performance are necessary to minimize energy use and carbon 
emissions throughout the life cycle of an HVAC system. The environmental 
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burdens during construction and demolition are hardly noticeable, occupying only 
between 2% and 4%. 
 
In relation to the proportion of the life cycle energy from each HVAC system, 
some significant conclusions can be drawn. The VAV and UAD systems are shown 
to offer potential for initial capital savings. In addition, the maintenance costs for 
VAV and UAD systems are much lower than for the chilled beam system. The ease 
with which UAD systems can be rearranged to satisfy new office layouts improves 
flexibility, reducing reconfiguration costs. The simplicity of the structure and 
components of the VAV system mean that it does not consume large amounts of 
extra carbon due to the maintenance rate, compared with the chilled beam system. 
Active beams have a dedicated air-supply duct. Therefore, active chilled beam 
systems include both water pipes and air duct systems to increase the airflow 
through the device and thereby to increase the cooling capacity. In essence, these 
devices dissipate heat by using water and air as the transfer medium is more 
efficient than the air used in VAV and UAD systems. With the ability of both water 
and air to absorb hundreds of times more heat than the equivalent volumes of air 
(ASHRAE, 2000), the chilled beam system provides a more efficient means of 
transferring energy.  
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Figure 6.11 Breakdown of life cycle energy usage in different stages in VAV 
systems  
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Figure 6.12 Breakdown of life cycle energy usage in different stages in chilled 
beam systems 
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Figure 6.13 Breakdown of life cycle energy usage in different stages in UAD 
systems 
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CHAPTER 7 
CONCLUSIONS AND CONTRIBUTIONS 
7.1 Introduction  
 
This study aims at defining an appropriate approach to evaluate life cycle carbon 
emissions in HVAC systems. The investigation is applied to a case study 
comparing three HVAC systems − VAV system, chilled beam system and UAD 
system of an office building in Melbourne Australia. LCA is employed to calculate 
the carbon emissions from materials manufacture stage, construction stage, 
operation & maintenance stage, and to final demolition stage. With a combined 
conventional LCA and SD models method, the dynamic changes due to the 
replacement work were explained on those descriptive and simple models. 
Furthermore, the life cycle carbon of the three HVAC systems in the 50 year life 
span can be simulated and predicted on the integrated LCA.  
 
Research problems and objectives were identified in Chapter 1 and Chapter 2, 
which led to the development of a comprehensive research methodology described 
in Chapter 3. The exemplar cast and the design of these three HVAC systems were 
conducted in Chapter 4, and also it provided basis inventory of the material and 
products used in the different systems. Chapter 5 developed the LCA of carbon 
emissions of HVAC systems in life cycle terms, and a list of inventories was 
compiled for this purpose as well as the process-based calculation methods. 
Chapter 6 integrated system dynamics model in life cycle assessment to estimate 
the life cycle carbon emission simulated by the time-step, and also to make a 
comparison of different HVAC systems helping make decision to select HVAC 
system. This section will represent conclusions and contributions in relation to each 
of the research objectives, as well as the recommendations for the future work. 
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7.2 Conclusion to research objectives 
 
Research questions are answered based on the synthesis of the answers to the 
research objectives. The objectives originally proposed are: 
 
1) Ascertain the major factors influencing carbon emissions for HVAC 
systems; 
2) Ascertain the calculation method of the carbon footprint in each phase 
of the HVAC life cycle; 
3) Combine the traditional LCA with the SD method which involves the 
compilation and quantification of inputs and outputs for HVAC system 
in a dynamic way; 
4) Develop a SD model as a decision-making tool for the selection of 
appropriate HVAC systems for commercial buildings. 
 
 
7.2.1 Objective 1: Ascertain the major factors influencing carbon emission for 
HVAC systems. 
 
The inventory of the major factors influencing carbon emissions for HVAC 
systems is established in Chapter 5. The life cycle of HVAC systems has been 
divided into four stages: manufacture, construction, operation and maintenance, 
and demolition.  
 
The manufacture stage is the phase of production of HVAC materials. The 
embodied energy of HVAC materials and products is the key factor in the carbon 
emissions during this stage. The embodied energy is composed of three major parts:  
1) the energy used in the extraction of raw materials;  
2) the process of HVAC product refinement and production;  
3) transportation, which covers the shipping of HVAC products from the 
manufacturing site to the construction site. 
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The construction stage is the phase of on-site construction during which the 
complete HVAC is installed in an unequipped building. The factors influencing 
carbon emissions in this phase are the electricity used for power tools and lighting, 
as well as the heavy equipment at the construction site.  
 
The operation stage activities consist of heating, cooling and ventilating the 
building. Carbon emissions are mainly from the electricity consumption of HVAC 
services.  
 
The maintenance stage requires the investigation of maintenance and renewal 
work in order to improve the performance of HVAC systems, and it creates extra 
carbon emissions due to the energy consumption in embodied energy and the 
installation of extra HVAC products. The embodied energy from the production of 
the extra HVAC components and the electricity consumption due to the installation 
of the extra HVAC products are identified. 
 
The demolition stage is the phase for deconstruction work and the transportation 
of the HVAC for disposal and recycling. The factors affecting carbon emissions are 
the fuel and energy consumption for transporting HVAC waste to landfill or 
recycling factories. 
 
7.2.2 Objective 2: Ascertain the calculation method for the carbon footprint in 
each phase of the HVAC life cycle. 
 
Process-based analysis was chosen as the method to model different activities 
associated with a product or a service using process flow diagrams. The process 
commences with the HVAC as a final product and works backward in the main 
process (Forsberg and von Malmborg, 2004), taking into account all possible direct 
energy inputs or the sequestered energy of each contributing material (García-
Valverde et al., 2009). The calculation methods are depicted in Equations (5-1) to 
(5-5) in Chapter 5. 
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7.2.3 Objective 3: Combine traditional LCA with SD method which involves 
the compilation and quantification of inputs and outputs for HVAC systems in 
a dynamic way. 
 
In Chapter 6, the replacement time was identified as a parameter showing the 
dynamic changes in the life cycle term, and the total inputs of carbon emissions 
include “basic carbon manufacture”, “basic carbon construction”, “basic carbon 
demolition”, “extra carbon manufacture”, “extra carbon construction”, “extra 
carbon demolition” and “replace time”. The terms starting with “basic” indicate 
the energy consumed in the life cycle of HVAC systems, before maintenance and 
renewal occurs. These energy and carbon emissions are referred to as previous 
energy consumption at the earlier period at the beginning of the HVAC life cycle. 
These energy and carbon emissions are described as “basic carbon manufacture”, 
“basic carbon construction” and “basic carbon demolition”. The term “extra” 
indicates that the maintenance and renewal work will require an investigation of 
extra products. These products will result in increases in the environmental burdens 
in the manufacture, construction and demolition phases respectively. These energy 
and carbon emission are presented as “extra carbon manufacture”, “extra carbon 
construction”, and “extra carbon demolition”. 
 
The term “basic carbon manufacture” indicates the embodied energy consumed in 
the manufacture stage at the beginning of the life cycle of HVAC systems. 
Therefore, according to Figure 6.1-a, basic carbon in the manufacture stage 
includes the basic initial embodied carbon, the basic process carbon and the basic 
delivery carbon in the previous manufacture stage. The “basic carbon manufacture” 
in Figure 6.1-b represents the prior energy consumed in the construction stage and 
it is influenced only by basic electricity consumption used for installations of 
HVAC products in previous construction stage. Similarly, “basic carbon 
demolition” in Figure 6.1-c is affected by the basic carbon emissions produced by 
delivering the HVAC for disposal and recycling. As maintenance and renewal 
occur over the life cycle of a HVAC system, the increased carbon emissions in the 
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manufacture phase are given by the basic carbon consumption multiplied by the 
number of times replacement happened. The “extra carbon manufacture” is defined 
as “basic carbon manufacture” multiplied by the “replace time”. In the same way as 
the method for calculating the “extra carbon manufacture”, “the extra carbon 
construction” can be determined by “basic carbon construction” multiplied by the 
“replace time”. Furthermore, the “extra carbon demolition” can also be calculated 
by “basic carbon demolition” multiplied by the “replace time”. The carbon 
emissions in the maintenance and renewal stage consist of three major parts, 
embodied carbon for the production of extra HVAC products, electricity 
consumption for the installations of extra HVAC products, and transportation for 
transporting the demolition for waste disposal and recycling. Consequently, the 
carbon emission in this stage is the sum of the extra carbon burdens produced in the 
manufacture, construction and demolition phases.  
 
Figure 6.2 shows the complex relationships among all the elements affecting 
carbon emissions in the maintenance and renewal stage. Different causal linkages 
exist between the four life cycle phases. The model reveals that “basic carbon” is a 
constant item, occurring at the beginning of the manufacture, construction and 
demolition phases, which will not accumulate over time. The “extra carbon” is a 
variable item, which varies over time.  The extra carbon burdens correspond to the 
number of times that replacement work occurs in the life cycle of HVAC products.  
 
7.2.4 Objective 4: Develop a SD model as a decision-making tool for the 
selection of appropriate HVAC systems for commercial buildings. 
 
In Chapter 6, the overall LCA of the indicators studied throughout the life cycle 
was analysed using a SD model. Confidence in the SD model for the system under 
study was established through its validation on the basis of the data utilized. The 
maintenance rate is 0.263 kg CO2/m2 per year in VAV systems, 0.738 kg CO2/m2 
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in chilled beam systems and 0.143 kg CO2/m2 in UAD systems. The model has 
predicted all these scenarios in the fifty years. 
 
Figure 6.7, Figure 6.8 and Figure 6.9 forecast the life cycle carbon emissions of 
VAV, chilled beam and UAD systems over 50 years. The complete HVAC life 
cycle is considered in four phases taking into account the renewal and replacement 
during the HVAC’s maintenance stage. It can be concluded that the chilled beam 
system has much more energy saving potential than the other two air conditioning 
systems. The comparison of the three case HVAC systems demonstrated that the 
chilled beams system has the lowest life cycle carbon emissions. Although chilled 
beam systems have the highest initial carbon cost in preliminary energy 
consumption, the annual operation rate of the chilled beam system is lower than the 
other two systems. The total life cycle carbon emissions at the end of service life 
were developed and trialled using SD models. They show that the chilled beam 
system has great energy saving potential over the total life cycle. It is therefore 
concluded that energy use in the operation phase is one of the greatest impacts in 
the life cycle analysis of a HVAC system throughout its life cycle. SD models are 
able to predict the life carbon emissions in each year during the service life. For 
example, when the service age is 25, the life cycle carbon emissions for the VAV 
system is 0.8e+009 kg CO2/m2, while the life cycle carbons emissions for the 
chilled beam and UAD systems are 0.6e+009 kg CO2/m2 and 0.75e+009 kg 
CO2/m2 respectively. 
 
7.3 Contributions  
 
7.3.1 Contributions to the academic knowledge  
 
This thesis contributes to the field of LCA of HVAC systems in office buildings in 
the following respects: 
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• In this research, the major factors influencing carbon emissions in 
HVAC systems have investigated holistically. Literature reviews and 
empirical case studies were the main instruments used to obtain the 
activities in life cycle terms in HVAC systems and the factors related to 
environmental impacts. In consequence, the inventories of life cycle 
carbon were developed comprehensively during each life cycle term. 
 
• The scope and sources of carbon emissions in HVAC life cycle terms 
were identified as the manufacture and transportation of HVAC 
materials and products, the energy consumption of construction 
equipment, and the energy used in demolition and transportation of the 
waste. For the purposes of calculation, these sources were divided into 
five parts, and the research established a standardized and systematic 
process-based calculation method in life cycle terms. 
 
• From changes in energy generation systems to the dynamics of 
renovation cycles, when discussing the life cycle impacts of HVAC it is 
important to evaluate multiple scenarios. There are dynamic conditions 
in every phase of a HVAC’s life that influence the balance of 
environmental burdens. Changes in future resource lead to renovation 
impacts to a greater extent than anticipated. In order to improve 
efficiency, changes in equipment performance require replacement and 
contribute to the environmental impact. Based on the static life cycle 
model, SD modelling was integrated with dynamic parameters. In 
particular, the inclusion of the following two dynamic factors has 
greatly enhanced the life cycle model:   
? replace time – the changes demanded in the life cycle term; 
? extra carbon emissions – extra embodied energy, extra 
installed equipment consumption, and finally extra 
demolition environmental burdens.  
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After simulating these different future scenarios in the VAV, UAD, and    
chilled beam systems, it is easier to highlight the trade-offs in the three 
different HVACs over their life spans. As understanding of the HVAC 
environmental impacts evolves, these dynamic factors will become 
increasingly important. 
 
7.3.2 Significance to industry 
 
This study uses the square meter of product as a functional unit making a 
comparison between VAV, UAD, and chilled beam systems. The present case 
study illustrates our finding that VAV and UAD systems offer potential for initial 
capital savings and the maintenance costs for VAV and UAD systems are much 
lower than the chilled beam system, in light of the proportion of the life cycle 
energy from each HVAC system. The chilled beam system provides improved 
working efficiency in the operation stage, and is competitive in terms of life cycle 
carbon emissions if applied properly. This study has laid the foundation for the 
comparison and analysis of different HVAC, and provides preliminary information 
for clients and developers to make decisions on the appropriate HVAC system for 
their purposes. 
 
7.4 Study limitations 
This section presents two limitations of this research that became apparent during 
the research process: limitation on system boundaries and completeness of data.  
 
Limitation on system boundaries  
Boundaries definition is one of the most critical issues that determine the range of 
impacts considered. In this study, these boundaries ranged from raw material 
extraction in distant to demolition and ultimate disposal furthest. However 
subordinate processes excluded in LCA could make a considerable difference in 
the life cycle calculations. For instance, transportation burdens for construction 
workers in construction stages and the deconstruction work in demolition stage. 
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However, the present study did not account for those two part works, because no 
actual information for this particular project was available. 
 
 
Completeness of data 
This research did not have access to primary data sources and rely on incomplete 
secondary data source.  Moreover, these referenced data sources are incomplete 
due to either an improper method of calculation or the subjective selection of 
system boundaries. For instance, data on activities in the construction phase and 
operation phase. The energy and environmental flows associated with the site 
preparation, HVAC product installation, and mechanical and electrical equipment 
installation could not be developed directly, since there was no record available 
showing equipment usage or operational hours for HVAC installation. In addition, 
this case building was not being monitored directly, the records of the three HVAC 
services in operation phases referred to empirical studies and recent literature. In 
the future research, a case study based on a real office building project with 
available energy consumed data is recommended. 
 
7.5 Recommendations for future research 
 
The findings of the research highlight a number of areas for future research.  
 
• This research focused on evaluating the environmental impact of life 
cycle terms of HVAC systems. Future research could explore carbon 
emissions for the LCA of buildings. Currently, project variations in a 
building are extremely complex. Further research could apply SD 
modelling to provide more comprehensive pictures of future 
environmental performance during the service life from a dynamic 
perspective.  
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• The data for the inventory of HVAC systems are not complete. Further 
research is essential to document inventories for a variety of HVACs or 
buildings to establish a database with comprehensive and specific 
content over the life cycle stages. 
 
• Results show that the embodied energy represents a large percentage of 
the entire life cycle energy. Further research could explore the role of 
design decisions to optimize placement of materials and the role of 
renovation of HVAC systems in commercial buildings in improving 
environmental performance. 
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Appendix-1 Thermal calculations in the exemplar building  
 
Room Number 
Total 
Cooling 
Load 
Cooling 
load 
(Without 
Duct 
Heat) 
Total 
Latent 
Heat 
Latent 
Heat 
(Without 
Duct 
Heat) 
Duct 
Heat 
Gain 
Duct 
Latent 
Gain  
Ventilation 
(m^3/h) 
1001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
1002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
1003[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
1004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
1005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
1006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
1007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
1008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
1009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
1010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
1011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
1012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
1013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
1014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
2001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
2002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
2003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
2004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
2005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
2006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
2007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
2008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
2009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
2010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
2011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
2012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
2013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
2014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
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(Continued)  
 
Room Number 
Total 
Cooling 
Load 
Cooling 
load 
(Without 
Duct 
Heat) 
Total 
Latent 
Heat 
Latent 
Heat 
(Without 
Duct 
Heat) 
Duct 
Heat 
Gain 
Duct 
Latent 
Gain  
Ventilation 
(m^3/h) 
3001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
3002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
3003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
3004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
3005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
3006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
3007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
3008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
3009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
3010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
3011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
3012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
3013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
3014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
4001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
4002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
4003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
4004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
4005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
4006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
4007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
4008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
4009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
4010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
4011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
4012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
4013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
4014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
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(Continued)  
 
Room Number 
Total 
Cooling 
Load 
Cooling 
load 
(Without 
Duct 
Heat) 
Total 
Latent 
Heat 
Latent 
Heat 
(Without 
Duct 
Heat) 
Duct 
Heat 
Gain 
Duct 
Latent 
Gain  
Ventilation 
(m^3/h) 
5001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
5002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
5003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
5004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
5005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
5006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
5007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
5008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
5009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
5010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
5011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
5012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
5013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
5014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
6001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
6002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
6003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
6004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
6005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
6006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
6007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
6008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
6009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
6010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
6011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
6012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
6013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
6014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
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(Continued)  
 
Room Number 
Total 
Cooling 
Load 
Cooling 
load 
(Without 
Duct 
Heat) 
Total 
Latent 
Heat 
Latent 
Heat 
(Without 
Duct 
Heat) 
Duct 
Heat 
Gain 
Duct 
Latent 
Gain  
Ventilation 
(m^3/h) 
7001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
7002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
7003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
7004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
7005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
7006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
7007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
7008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
7009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
7010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
7011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
7012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
7013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
7014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
8001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
8002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
8003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
8004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
8005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
8006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
8007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
8008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
8009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
8010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
8011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
8012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
8013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
8014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
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(Continued)  
 
Room Number 
Total 
Cooling 
Load 
Cooling 
load 
(Without 
Duct 
Heat) 
Total 
Latent 
Heat 
Latent 
Heat 
(Without 
Duct 
Heat) 
Duct 
Heat 
Gain 
Duct 
Latent 
Gain  
Ventilation 
(m^3/h) 
9001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
9002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
9003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
9004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
9005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
9006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
9007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
9008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
9009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
9010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
9011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
9012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
9013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
9014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
10001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
10002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
10003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
10004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
10005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
10006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
10007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
10008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
10009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
10010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
10011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
10012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
10013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
10014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
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Room Number 
Total 
Cooling 
Load 
Cooling 
load 
(Without 
Duct 
Heat) 
Total 
Latent 
Heat 
Latent 
Heat 
(Without 
Duct 
Heat) 
Duct 
Heat 
Gain 
Duct 
Latent 
Gain  
Ventilation 
(m^3/h) 
11001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
11002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
11003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
11004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
11005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
11006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
11007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
11008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
11009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
11010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
11011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
11012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
11013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
11014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
12001[Lecture 
Room] 3163.28 3111.33 -0.09 0.22 51.95 -0.31 60 
12002[Office] 2755.12 2496.88 -0.05 0.62 258.24 -0.67 153.27 
12003[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
12004[Office] 2755.14 2496.9 -0.05 0.62 258.24 -0.67 153.27 
12005[Lecture 
Room] 2969.89 2917.94 -0.09 0.22 51.95 -0.31 60 
12006[Office] 4384.41 4332.46 -0.09 0.22 51.95 -0.31 60 
12007[Office] 7708.26 7656.31 -0.09 0.22 51.95 -0.31 60 
12008[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
12009[Lecture 
Room] 7821.05 7769.1 -0.09 0.22 51.95 -0.31 60 
12010[Office] 677.71 625.76 -0.09 0.22 51.95 -0.31 60 
12011[Office] 363.32 311.37 -0.09 0.22 51.95 -0.31 60 
12012[Auditorium] 4133.67 4081.72 -0.09 0.22 51.95 -0.31 60 
12013[Corridor] 1208.5 1156.55 -0.09 0.22 51.95 -0.31 60 
12014[Corridor] 2333.53 2281.58 -0.09 0.22 51.95 -0.31 60 
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(Continued)  
 
 
Room Number 
Total 
Cooling 
Load 
Cooling 
load 
(Without 
Duct 
Heat) 
Total 
Latent 
Heat 
Latent 
Heat 
(Without 
Duct 
Heat) 
Duct 
Heat 
Gain 
Duct 
Latent 
Gain  
Ventilation 
(m^3/h) 
13001[Lecture 
Room] 3132.85 3080.9 -0.09 0.22 51.95 -0.31 60 
13002[Office] 2739.91 2481.67 -0.05 0.62 258.24 -0.67 153.27 
13003[Office] 2739.91 2481.67 -0.05 0.62 258.24 -0.67 153.27 
13004[Office] 2739.91 2481.67 -0.05 0.62 258.24 -0.67 153.27 
13005[Lecture 
Room] 2939.85 2887.9 -0.09 0.22 51.95 -0.31 60 
13006[Office] 4364.3 4312.35 -0.09 0.22 51.95 -0.31 60 
13007[Office] 7683.03 7631.08 -0.09 0.22 51.95 -0.31 60 
13008[Lecture 
Room] 7797.65 7745.7 -0.09 0.22 51.95 -0.31 60 
13009[Lecture 
Room] 7797.65 7745.7 -0.09 0.22 51.95 -0.31 60 
13010[Office] 712.79 660.84 -0.09 0.22 51.95 -0.31 60 
13011[Office] 398.39 346.45 -0.09 0.22 51.95 -0.31 60 
13012[Auditorium] 4749.41 4697.46 -0.09 0.22 51.95 -0.31 60 
13013[Corridor] 1426.57 1374.62 -0.09 0.22 51.95 -0.31 60 
13014[Corridor] 2800.95 2749 -0.09 0.22 51.95 -0.31 60 
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Appendix-2 Embodied energy inventory of HVAC 
products 
 
Materials & 
Equivalent CO2 
emissions 
Products Unit Iron CO2 (kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
Galvanized steel pipe 
3/4" m 1.7 3.2 1.0 0.1 4.3 
Galvanized steel pipe 1" m 2.4 4.6 1.2 0.1 5.9 
Galvanized steel pipe 1-
1/4" m 3.4 6.5 1.3 0.1 7.9 
Galvanized steel pipe 1-
1/2" m 3.9 7.4 1.5 0.2 9.1 
Galvanized steel pipe 2" m 5.3 10.1 2.2 0.2 12.6 
Galvanized steel pipe 2-
1/2" m 7.5 14.3 3.1 0.3 17.7 
Galvanized steel pipe 3" m 8.8 16.8 3.4 0.4 20.6 
Galvanized steel pipe 4" m 12.2 23.3 5.0 0.5 28.8 
Galvanized steel pipe 5" m 15.0 28.7 5.8 0.6 35.1 
Galvanized steel pipe 6" m 19.8 37.8 7.7 0.8 46.3 
Galvanized steel pipe 8" m 30.1 57.5 11.7 1.2 70.4 
Galvanized steel pipe 
10" m 42.4 81.0 16.5 1.7 99.2 
Galvanized steel pipe 
12" m 53.0 101.2 20.6 2.2 124.0 
Galvanized steel pipe 
14" m 67.7 129.3 27.0 2.8 159.1 
Galvanized steel pipe 
16" m 77.6 148.2 30.1 3.2 181.5 
Galvanized steel pipe 
18" m 87.5 167.1 34.2 3.6 204.9 
Galvanized steel pipe 
20" m 97.4 186.0 38.4 4.0 228.4 
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(Continued) 
Materials & 
Equivalent CO2 
emissions 
Products Unit Iron CO2 (kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
Butterfly valve 2" EA 3.9 7.4 1.9 0.2 9.4 
Butterfly valve 2-
1/2" EA 4.6 8.7 2.2 0.2 11.2 
Butterfly valve 3" EA 4.9 9.4 2.5 0.2 12.1 
Butterfly valve 4" EA 6.7 12.8 3.3 0.3 16.4 
Butterfly valve 5" EA 8.5 16.2 4.1 0.4 20.6 
Butterfly valve 6" EA 10.9 20.9 5.4 0.5 26.7 
Butterfly valve 8" EA 16.6 31.6 8.1 0.7 40.4 
Butterfly valve 10" EA 24.0 45.8 11.6 1.0 58.4 
Butterfly valve 12" EA 32.2 61.5 15.6 1.3 78.5 
Butterfly valve 14" EA 52.0 99.3 25.2 2.1 126.6 
Butterfly valve 16" EA 70.8 135.2 34.4 2.9 172.4 
Check valve 2" EA 1.5 2.8 0.8 0.1 3.7 
Check valve 2-1/2" EA 2.0 3.8 1.0 0.1 4.8 
Check valve 3" EA 2.9 5.5 1.4 0.1 7.1 
Check valve 4" EA 4.6 8.7 2.2 0.2 11.1 
Check valve 5" EA 6.7 12.7 3.2 0.3 16.2 
Check valve 6" EA 9.4 18.0 4.6 0.4 22.9 
Check valve 8" EA 16.1 30.7 7.8 0.7 39.1 
Check valve 10" EA 26.2 49.9 12.7 1.1 63.7 
Check valve 12" EA 50.2 95.9 24.4 2.1 122.3 
Suction filter 2" EA 11.8 22.5 5.7 0.5 28.7 
Suction filter 2-1/2" EA 16.0 30.6 7.8 0.7 39.0 
Suction filter 3" EA 22.0 42.0 10.7 0.9 53.6 
Suction filter 4" EA 33.0 63.0 16.0 1.4 80.4 
Suction filter 5" EA 48.0 91.7 23.3 2.0 117.0 
Suction filter 6" EA 61.8 118.0 30.0 2.5 150.6 
Suction filter 8" EA 88.5 169.0 43.0 3.6 215.6 
Suction filter 10" EA 151.4 289.2 73.5 6.2 368.9 
Suction filter 12" EA 208.2 397.7 101.1 8.5 507.3 
Suction filter 14" EA 272.2 519.9 132.2 11.2 663.2 
Suction filter 16" EA 344.7 658.4 167.4 14.1 839.9 
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(Continued)  
Materials & 
Equivalent CO2 
emissions 
Products Unit Iron CO2 (kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
Y- filter 3" EA 18.0 34.4 8.7 0.7 43.9 
Y- filter 4" EA 23.2 44.3 11.3 1.0 56.5 
Y- filter 5" EA 32.0 61.1 15.5 1.3 78.0 
Y- filter 6" EA 45.1 86.1 21.9 1.9 109.9 
Y- filter 8" EA 73.0 139.4 35.4 3.0 177.9 
Y- filter 10" EA 111.5 213.0 54.1 4.6 271.7 
Y- filter 12" EA 164.9 315.0 80.1 6.8 401.8 
Balance valve 3/4" EA 0.7 1.2 0.3 0.0 1.6 
Balance valve 1" EA 1.0 1.9 0.5 0.0 2.4 
Balance valve1-1/4" EA 1.3 2.4 0.6 0.1 3.0 
Balance valve1-1/2" EA 1.6 3.0 0.8 0.1 3.8 
Balance valve 2" EA 2.4 4.6 1.2 0.1 5.9 
Balance valve 2-1/2" EA 18.0 34.4 8.7 0.7 43.9 
Balance valve 3" EA 20.0 38.2 9.7 0.8 48.7 
Balance valve 4" EA 30.0 57.3 14.6 1.2 73.1 
Balance valve 5" EA 41.0 78.3 19.9 1.7 99.9 
Balance valve 6" EA 55.0 105.1 26.7 2.3 134.0 
Balance valve 8" EA 95.0 181.5 46.1 3.9 231.5 
Balance valve 10" EA 140.0 267.4 68.0 5.7 341.1 
Balance valve 12" EA 194.3 371.1 94.3 8.0 473.4 
Balance valve 14" EA 317.5 606.4 154.2 13.0 773.6 
Balance valve 16" EA 459.8 878.2 223.2 18.9 1120.3 
Ball valve 1/2" EA 0.3 0.5 0.1 0.0 0.6 
Ball valve 3/4" EA 0.4 0.7 0.2 0.0 0.8 
Ball valve 1" EA 0.5 0.9 0.2 0.0 1.2 
Ball valve1-1/4" EA 0.8 1.4 0.4 0.0 1.8 
Ball valve1-1/2" EA 1.1 2.0 0.5 0.0 2.6 
Ball valve 2" EA 1.8 3.5 0.9 0.1 4.4 
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(Continued)  
Materials & 
Equivalent CO2 
emissions 
Products Unit Iron 
CO2 
(kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total CO2 
(kg) 
Galvanized sheet iron 
#18 Piece 19.1 36.5 1.9 0.8 39.2 
Galvanized sheet iron 
#20 Piece 15.9 30.4 1.5 0.7 32.6 
Galvanized sheet iron 
#22 Piece 12.8 24.4 1.2 0.5 26.2 
Galvanized sheet iron 
#24 Piece 9.8 18.7 1.0 0.4 20.0 
Galvanized sheet iron 
#26 Piece 8.1 15.5 0.8 0.3 16.6 
Air outlet 
150*150mm EA 3.5 6.7 0.3 0.1 7.2 
Air outlet 
200*200mm EA 3.6 6.8 0.3 0.2 7.3 
Air outlet 
250*250mm EA 3.6 6.9 0.4 0.2 7.4 
Air outlet 
300*300mm EA 3.8 7.2 0.4 0.2 7.7 
Air outlet 
350*350mm EA 3.8 7.3 0.4 0.2 7.8 
Distribution box 
t=1.0mm m2 7.9 15.0  0.3 15.3 
Distribution box 
t=1.2mm m2 9.4 18.0  0.4 18.4 
Distribution box 
t=1.5mm m2 11.8 22.5  0.5 23.0 
Distribution box 
t=2.0mm m2 15.7 30.0  0.6 30.6 
Distribution box 
t=2.5mm m2 19.6 37.5  0.8 38.3 
Distribution box 
t=3.0mm m2 23.6 45.0   1.0 46.0 
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(Continued)  
Materials & 
Equivalent 
CO2 emissions 
Products Unit PE 
CO2 
(kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
PE insulated pipe 1-1/4" m 0.2 0.3 0.02 0.01 0.4 
PE insulated pipe 1-1/2" m 0.2 0.4 0.02 0.01 0.4 
PE insulated pipe 2" m 0.3 0.5 0.03 0.01 0.5 
PE insulated pipe 2-1/2" m 0.3 0.5 0.03 0.01 0.6 
PE insulated pipe 3" m 0.4 0.7 0.04 0.02 0.8 
PE insulated pipe 4" m 0.5 1.0 0.05 0.03 1.0 
PE insulated pipe 5" m 0.6 1.1 0.06 0.03 1.2 
PE insulated pipe 6" m 0.7 1.3 0.07 0.04 1.4 
PE insulated pipe 8" m 0.8 1.5 0.08 0.04 1.6 
PE insulated pipe 10" m 1.0 1.9 0.11 0.05 2.1 
PE insulated pipe 12" m 1.5 3.0 0.17 0.08 3.2 
 
 
 
 
Materials & Equivalent CO2 
emissions 
Products Unit Iron 
CO2 
(kg) Copper 
CO2 
(kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
Centrifugal 
pump 40HP EA 488.8 933.5 103.6 396.7 213.0 22.7 1565.9 
Centrifugal 
pump 50HP EA 549.7 1049.9 138.9 531.8 250.0 28.2 1860.0 
Centrifugal 
pump 60HP EA 558.6 1067.0 139.9 535.8 287.0 28.6 1918.4 
Centrifugal 
pump 75HP EA 632.3 1207.7 172.6 660.9 342.5 33.0 2244.1 
Centrifugal 
pump 100HP EA 741.3 1415.9 226.8 868.6 435.0 39.7 2759.2 
Centrifugal 
pump 125HP EA 784.6 1498.6 242.9 930.3 527.5 42.1 2998.5 
Centrifugal 
pump 150HP EA 927.6 1771.8 312.9 1198.4 620.0 50.9 3641.0 
Centrifugal 
pump 200HP EA 1074.9 2053.1 377.5 1445.8 805.0 59.6 4363.4 
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(Continued) 
Materials & Equivalent CO2 emissions 
Products Unit Iron 
CO2 
(kg) Copper 
CO2 
(kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
Screw chillers 10RT EA 219.0 418.3 106.0 406.0 441.6 13.3 1279.2 
Screw chillers 15RT EA 269.0 513.8 150.0 574.5 480.6 17.2 1586.1 
Screw chillers 25RT EA 343.0 655.1 189.0 723.9 558.6 21.8 1959.4 
Screw chillers 30RT EA 392.0 748.7 247.0 946.0 597.6 26.2 2318.5 
Screw chillers 40RT EA 596.0 1138.4 328.0 1256.2 675.6 37.9 3108.1 
Screw chillers 50RT EA 732.0 1398.1 425.0 1627.8 753.6 47.4 3826.9 
Screw chillers 80RT EA 908.0 1734.3 637.0 2439.7 987.6 63.4 5224.9 
Screw chillers 100RT EA 1181.0 2255.7 784.0 3002.7 1143.6 80.6 6482.6 
Screw chillers 120RT EA 1332.0 2544.1 1013.0 3879.8 1299.6 96.2 7819.7 
Screw chillers 140RT EA 1482.0 2830.6 1108.0 4243.6 1455.6 106.2 8636.1 
Screw chillers 160RT EA 1761.0 3363.5 1251.0 4791.3 1611.6 123.5 9889.9 
Screw chillers 200RT EA 2362.0 4511.4 1568.0 6005.4 1923.6 161.1 12601.6 
Screw chillers 240RT EA 2664.0 5088.2 2026.0 7759.6 2235.6 192.3 15275.7 
Screw chillers 280RT EA 2964.0 5661.2 2216.0 8487.3 2547.6 212.4 16908.5 
Screw chillers 300RT EA 3522.0 6727.0 2502.0 9582.7 2703.6 247.0 19260.3 
Screw chillers 400RT EA 3940.0 7525.4 2946.0 11283.2 3483.6 282.3 22574.5 
Screw chillers 500RT EA 4214.0 8048.7 3576.0 13696.1 4263.6 319.4 26327.8 
Centrifugal chillers 
300RT EA 4113.6 7857.0 1460.4 5593.3 2703.6 228.5 16382.4 
Centrifugal chillers 
500RT EA 5858.2 11189.2 2079.8 7965.5 4263.6 325.5 23743.8 
Centrifugal chillers 
700RT EA 6955.7 13285.3 2469.4 9457.6 909.6 386.4 24038.9 
Centrifugal chillers 
900RT EA 9867.8 18847.5 3503.2 13417.3 7383.6 548.2 40196.6 
Centrifugal chillers 
1100RT EA 11674.4 22298.1 4144.6 15873.7 8943.6 648.6 47764.1 
Centrifugal chillers 
1300RT EA 14214.6 27149.9 5046.4 19327.6 10503.6 789.7 57770.9 
Centrifugal pump 
1HP EA 76.6 146.3 12.7 48.6 68.7 3.7 267.2 
Centrifugal pump 
1.5HP EA 80.6 153.9 14.7 56.3 70.6 3.9 284.6 
Centrifugal pump 
2HP EA 82.6 157.7 15.7 60.1 72.4 4.0 294.3 
Centrifugal pump 
3HP EA 199.8 381.6 22.6 86.5 76.1 5.8 550.1 
Centrifugal pump 
5HP EA 127.8 244.1 25.6 98.0 83.5 6.3 431.9 
Centrifugal pump 
7.5HP EA 182.7 348.9 38.5 147.3 92.8 9.1 598.0 
Centrifugal pump 
10HP EA 185.7 354.6 40.2 153.8 102.0 9.3 619.8 
Centrifugal pump 
15HP EA 262.5 501.3 60.0 229.8 120.5 13.2 864.8 
Centrifugal pump 
20HP EA 28.9 55.2 67.3 257.6 139.0 14.3 466.1 
Centrifugal pump 
25HP EA 29.4 56.1 77.9 298.2 157.5 15.1 526.9 
Centrifugal pump 
30HP EA 392.4 749.4 89.5 342.9 176.0 19.8 1288.1 
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(Continued)  
Materials & Equivalent CO2 emissions 
Products Unit Iron 
CO2 
(kg) Copper 
CO2 
(kg) PVC 
CO2 
(kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
Cooling tower 
(Square) 100RT EA 450.0 859.5 11.0 42.1 301.0 1152.8 350.0 31.2 2435.7 
Cooling tower 
(Square) 150RT EA 629.0 1201.4 14.0 53.6 371.0 1420.9 425.0 41.6 3142.5 
Cooling tower 
(Square) 200RT EA 853.0 1629.2 22.0 84.3 472.0 1807.8 500.0 55.2 4076.5 
Cooling tower 
(Square) 300RT EA 1033.0 1973.0 24.0 91.9 787.0 3014.2 650.0 75.6 5804.8 
Cooling tower 
(Square) 400RT EA 2195.0 4192.5 44.0 168.5 955.0 3657.7 800.0 131.0 8949.6 
Cooling tower 
(Square) 500RT EA 2331.0 4452.2 44.0 168.5 1119.0 4285.8 950.0 143.3 9999.8 
Cooling tower 
(Square) 600RT EA 2066.0 3946.1 48.0 183.8 1574.0 6028.4 1100.0 151.2 11409.5 
Cooling tower 
(Square) 700RT EA 3238.0 6184.6 76.0 291.1 1742.0 6671.9 1250.0 207.3 14604.8 
Cooling tower 
(Square) 800RT EA 3412.0 6516.9 88.0 337.0 1888.0 7231.0 1400.0 220.9 15705.9 
Cooling tower 
(Square) 1000RT EA 3772.0 7204.5 88.0 337.0 5818.0 22282.9 1700.0 261.5 31786.0 
Cooling tower 
(Square) 1200RT EA 4132.0 7892.1 96.0 367.7 3148.0 12056.8 2000.0 302.4 22619.1 
Cooling tower 
(Square) 1500RT EA 5165.0 9865.2 120.0 459.6 3935.0 15071.1 2450.0 378.0 28223.8 
Cooling tower 
(Round) 100RT EA 189.0 361.0 11.0 42.1 271.0 1037.9 350.0 19.3 1810.4 
Cooling tower 
(Round) 150RT EA 400.0 764.0 14.0 53.6 349.0 1336.7 425.0 31.3 2610.6 
Cooling tower 
(Round) 200RT EA 529.0 1010.4 14.0 53.6 415.0 1589.5 500.0 39.3 3192.7 
Cooling tower 
(Round) 300RT EA 968.0 1848.9 24.0 91.9 587.0 2248.2 650.0 64.7 4903.8 
Cooling tower 
(Round) 400RT EA 1300.0 2483.0 38.0 145.5 775.0 2968.3 800.0 86.6 6483.4 
Cooling tower 
(Round) 500RT EA 1415.0 2702.7 38.0 145.5 1005.0 3849.2 950.0 100.8 7748.1 
Cooling tower 
(Round) 600RT EA 1682.0 3212.6 45.0 172.4 1468.0 5622.4 1100.0 131.0 10238.4 
Cooling tower 
(Round) 700RT EA 1969.0 3760.8 45.0 172.4 1626.0 6227.6 1250.0 149.2 11560.0 
Cooling tower 
(Round) 800RT EA 2063.0 3940.3 57.0 218.3 1882.0 7208.1 1400.0 164.1 12930.8 
Cooling tower 
(Round) 1000RT EA 3292.0 6287.7 57.0 218.3 2283.0 8743.9 1700.0 230.9 17180.8 
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(Continued)  
Materials & Equivalent CO2 emissions 
Products Unit Iron 
CO2 
(kg) Copper 
CO2 
(kg) Aluminium 
CO2 
(kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
Air-cooled water 
chillers 12RT EA 281.2 537.1 95.0 363.9 3.8 43.7 457.2 15.6 1417.4 
Air-cooled water 
chillers 12RT EA 303.4 579.5 87.0 333.2 29.3 337.0 457.2 17.2 1724.1 
Air-cooled water 
chillers 15RT EA 340.4 650.2 126.0 482.6 34.0 391.0 480.6 20.5 2024.9 
Air-cooled water 
chillers 15RT EA 365.0 697.2 126.0 482.6 34.0 391.0 480.6 20.5 2071.9 
Air-cooled water 
chillers 20RT EA 407.0 777.4 148.0 566.8 43.0 494.5 519.6 24.5 2382.8 
Air-cooled water 
chillers 20RT EA 458.8 876.3 148.0 566.8 43.0 494.5 519.6 26.6 2483.9 
Air-cooled water 
chillers 30RT EA 518.0 989.4 225.0 861.8 58.0 667.0 597.6 32.8 3148.6 
Air-cooled water 
chillers 40RT EA 740.0 1413.4 317.0 1214.1 80.0 920.0 675.6 46.6 4269.7 
Air-cooled water 
chillers 50RT EA 1184.0 2261.4 490.0 1876.7 129.0 1483.5 753.6 73.9 6449.2 
Air-cooled water 
chillers 60RT EA 1332.0 2544.1 547.0 2095.0 165.0 1897.5 831.6 83.8 7452.0 
Air-cooled water 
chillers 80RT EA 1998.0 3816.2 675.0 2585.3 165.0 1897.5 987.6 116.4 9402.9 
Air-cooled water 
chillers 100RT EA 2664.0 5088.2 900.0 3447.0 258.0 2967.0 1143.6 156.7 12802.5 
Air-cooled water 
chillers 120RT EA 3108.0 5936.3 1050.0 4021.5 346.0 3979.0 1299.6 184.7 15421.0 
Air handling 
unit 3RT EA 91.3 174.4 17.2 66.0 3.1 35.7 707.4 4.6 988.0 
Air handling 
unit 5RT EA 118.7 226.7 22.4 85.8 3.9 45.1 723.0 6.0 1086.5 
Air handling 
unit 7.5RT EA 143.2 273.6 27.0 103.6 4.7 54.4 742.5 7.2 1181.2 
Air handling 
unit 10RT EA 314.7 601.1 59.4 227.5 10.4 119.4 762.0 15.8 1725.8 
Air handling 
unit 20RT EA 501.2 957.2 94.6 362.3 16.5 190.1 840.0 25.1 2374.7 
Air handling 
unit 30RT EA 664.6 1269.4 125.5 480.5 21.9 252.1 918.0 33.3 2953.3 
Air handling 
unit 40RT EA 825.1 1575.8 155.7 596.5 27.2 313.0 996.0 41.3 3522.7 
Air handling 
unit 50RT EA 965.0 1843.2 182.2 697.7 31.8 366.0 1074.0 48.3 4029.2 
Air handling 
unit 60RT EA 1141.2 2179.6 215.4 825.0 37.6 432.9 1152.0 57.2 4646.6 
Air handling 
unit 70RT EA 1324.3 2529.5 250.0 957.4 43.7 502.4 1230.0 66.3 5285.7 
Air handling 
unit 80RT EA 1549.4 2959.4 292.5 1120.2 51.1 587.8 1308.0 77.6 6052.9 
Air handling 
unit 90RT EA 1795.4 3429.2 338.9 1298.0 59.2 681.0 1386.0 89.9 6884.1 
Air handling 
unit 100RT EA 2094.1 3999.8 395.3 1514.0 69.1 794.4 1464.0 104.9 7877.1 
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(Continued)  
Materials & Equivalent CO2 emissions 
Products Unit Iron 
CO2 
(kg) Copper 
CO2 
(kg) Aluminium 
CO2 
(kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
Ceiling-mounted 
fan-coil 300CFM EA 15.0 28.7 1.4 5.4 0.7 8.1 7.8 0.7 50.6 
Ceiling-mounted 
fan-coil 400CFM EA 15.7 30.0 1.4 5.4 0.7 8.1 7.8 0.7 51.9 
Ceiling-mounted 
fan-coil 600CFM EA 19.2 36.7 2.7 10.3 0.9 10.4 11.7 0.9 70.0 
Ceiling-mounted 
fan-coil 800CFM EA 21.7 41.4 4.0 15.3 1.0 11.5 15.6 1.1 85.0 
Ceiling-mounted 
fan-coil 1000CFM EA 26.6 50.8 5.9 22.6 1.3 15.0 19.5 1.4 109.2 
Ceiling-mounted 
fan-coil 1200CFM EA 28.1 53.7 7.7 29.5 1.5 17.3 23.4 1.5 125.3 
Ceiling-mounted 
fan-coil 1400CFM EA 32.3 61.7 12.3 47.1 1.9 21.9 27.3 1.9 159.9 
Out-mounted fan-
coil 300CFM EA 24.9 47.6 1.4 5.4 0.7 8.1 7.8 1.1 69.9 
Out-mounted fan-
coil 400CFM EA 25.6 48.9 1.4 5.4 0.7 8.1 7.8 1.1 71.2 
Out-mounted fan-
coil 600CFM EA 31.3 59.8 2.7 10.3 0.9 10.4 11.7 1.4 93.6 
Out-mounted fan-
coil 800CFM EA 34.0 64.9 4.0 15.3 1.0 11.5 15.6 1.6 109.0 
Out-mounted fan-
coil 1000CFM EA 41.1 78.5 5.9 22.6 1.3 15.0 19.5 2.0 137.5 
Out-mounted fan-
coil 1200CFM EA 44.3 84.6 7.9 30.3 1.5 17.3 23.4 2.2 157.7 
Package unit 3RT EA 100.4 191.8 18.4 70.5 1.2 13.8 114.5 4.9 395.5 
Package unit 5RT EA 159.3 304.3 25.7 98.4 1.9 21.9 127.5 7.7 559.7 
Package unit 8RT EA 221.3 422.7 35.7 136.7 2.6 29.9 147.0 10.6 747.0 
Package unit 10RT EA 241.1 460.5 38.9 149.0 2.8 32.2 160.0 11.6 813.3 
Package unit 15RT EA 388.2 741.5 61.8 236.7 4.5 51.8 192.5 18.6 1241.0 
Package unit 20RT EA 491.7 939.1 78.3 299.9 2.7 31.1 225.0 23.6 1518.7 
Package unit 30RT EA 746.6 1426.0 113.4 434.3 8.6 98.9 290.0 35.6 2284.8 
Package unit 40RT EA 892.9 1705.4 167.1 640.0 10.6 121.9 355.0 43.9 2866.2 
Package unit 50RT EA 968.7 1850.2 181.3 694.4 11.5 132.3 420.0 47.6 3144.5 
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(Continued)  
Materials & Equivalent CO2 
emissions 
Products Unit Copper 
CO2 
(kg) PVC 
CO2 
(kg) 
Processing 
CO2 (kg) 
Delivery 
CO2 
(kg) 
Total 
CO2 
(kg) 
PVC pipe 3/4" m   0.3 0.8 0.05 0.01 0.9 
PVC pipe 1" m   0.5 1.2 0.08 0.02 1.3 
PVC pipe 1-1/4" m   0.6 1.6 0.11 0.03 1.7 
PVC pipe 1-1/2" m   0.8 2.1 0.14 0.03 2.2 
PVC pipe 2" m   1.2 2.9 0.19 0.05 3.1 
PVC pipe 2-1/2" m   1.5 3.7 0.24 0.06 4.0 
PVC pipe 3" m   2.1 5.4 0.44 0.09 5.9 
PVC pipe 4" m   3.5 8.8 0.61 0.14 9.6 
PVC pipe 5" m   5.0 12.4 0.79 0.20 13.4 
PVC pipe 6" m   6.7 16.7 1.05 0.27 18.0 
PVC pipe 8" m   10.7 26.7 0.71 0.44 27.8 
PVC pipe 10" m   16.4 40.9 2.60 0.67 44.1 
PVC pipe 12" m   23.3 58.1 3.67 0.95 62.7 
PVC pipe 14" m   31.5 78.6 4.98 1.29 84.9 
PVC pipe 16" m   40.7 101.7 6.43 1.67 109.8 
PVC wire 1.25m/m m 0.1 0.3 0.0 0.1 0.04 0.00 0.4 
PVC wire 3.5m/m m 0.1 0.3 0.1 0.1 0.05 0.01 0.5 
PVC wire 5.5m/m m 0.1 0.5 0.1 0.2 0.06 0.01 0.7 
PVC wire 8m/m m 0.2 0.6 0.1 0.2 0.08 0.01 0.9 
PVC wire 14m/m m 0.2 0.9 0.1 0.3 0.13 0.01 1.4 
PVC wire 22m/m m 0.3 1.3 0.2 0.4 0.18 0.02 1.9 
PVC wire 30m/m m 0.4 1.6 0.2 0.5 0.22 0.03 2.3 
PVC wire 38m/m m 0.5 2.0 0.3 0.7 0.27 0.04 3.0 
PVC wire 50m/m m 0.6 2.4 0.3 0.8 0.33 0.04 3.6 
PVC wire 60m/m m 0.8 2.9 0.4 0.9 0.39 0.06 4.2 
PVC wire 80m/m m 1.0 3.7 0.5 1.2 0.50 0.08 5.5 
PVC wire 100m/m m 1.3 4.9 0.6 1.6 0.66 0.09 7.2 
PVC wire 125m/m m 1.4 5.5 0.7 1.8 0.75 0.11 8.2 
PVC wire 150m/m m 1.8 6.7 0.9 2.2 0.92 0.11 10.0 
PVC wire 200m/m m 2.2 8.5 1.1 2.8 1.16 0.14 12.6 
PVC wire 250m/m m 2.8 10.8 1.4 3.5 1.46 0.17 15.9 
 
 
